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INTRODUCTION
In this thesis, a detailed field and geochemical 
study has been made of the granites and associated 
basic rocks in a small area of the Kanimbla batholith, 
near Hartley in New South Wales. The chemistry of 
coexisting minerals in these rocks.has also been 
studied in order to clarify the relationships between 
rock and mineral chemistry.
Guiding the method of approach followed in this 
investigation has been the plea by Read (l96l) that 
geochemistry should be closely related to the geology; 
and also the desirability that such studies be 
undertaken on an increasingly quantitative basis (Whitten, 
1963)* To these ends, a small but geologically 
diverse area has been studied in detail, and considerable 
use has been made of a wide range of statistical 
technique s.
The aim of the thesis is twofold:-
(i) To examine the interrelationships between 
the granitic rocks and associated basic 
rocks in an attempt to assess whether they 
form a coherent calc-alkaline plutonic 
series, as has been suggested for many 
other similar associations.
(ii) To test a hypothesis, recently reintroduced 
by Chappell (1966), that certain granitic 
rocks are produced by contamination of an 
acid melt with basic material; the test
1
2being made in an area where there is a 
complete range in chemical composition from 
leucocratic adamellite to gabbro, and where 
possible basic and acid parents may be present.
Association of basic bodies with granitic batholiths
The association of small basic stocks with large 
granite batholiths has been recorded many times 
(Joplin, 1959) in different parts of the world. In 
fact, this association appears to be the rule rather 
than the exception.
In North America, Larsen (19^8) records many 
basic bodies in the Southern California batholith, of 
which the most important is the San Marcos Gabbro. 
Similarly, small stocks of hornblende gabbro and 
diorite are extremely abundant in association with the 
Sierra Nevada batholith (Bateman et al. , 1963)*
West of the Sierra Nevada batholith, both Hietenan (1951) 
and Compton (1955) note the presence of numerous, small, 
compositionally diverse, basic intrusions associated 
with the Merrimac, Swedes Flat, and Bald Rock plutons.
In Oregon, Taubeneck (1957) has described several 
small stocks of norite and gabbro in association with 
the Bald Mountain batholith.
In the Caledonian of Scotland and Ireland, small 
masses of appinite, diorite, hornblende gabbro, 
hornblendite and pyroxenite are extremely abundant and 
are associated with the ’Newer Granites’ (Read, I96I). 
They are particularly abundant in association with the 
Garabal Hill - Glen Fyne igneous complex (Nockolds,
1940), the Ballachulish and Strontian granites 
(Bailey, i960), the Glen Etive complex (Anderson, 1937)?
3and the Ardara granite complex (French, 1966; Hall, 
1967a) .
In the Hercynian intrusions of France and the 
Channel Isles, Thomas and Smith (1932) and Wells and 
Wooldridge (l93l) record the presence of hornblende 
gabbro and olivine norite respectively, in association 
with granitic rocks.
Other examples of this association have been 
described in Australia (Brown, 1928 $ Joplin,1957) 
and in Malaya (Hutchison, 1964)•
In many of these studies it has been stated, 
or assumed, that these basic bodies are genetically 
related to the associated granitic rocks. For example, 
Bailey (i960) has suggested that the close 
grouping of appinites around the Ballachulish 
and Garabal Hill plutons is an indication of a common 
origin. Similarly, Read (196I) in a discussion of 
Caledonian magmatism in Great Britain argues from the 
close association of appinites with the ’Newer Granite* 
that the two are related, pointing out that in regions 
where the ’Newer Granites’ are absent, there is a 
corresponding absence of appinites.
More specifically, Joplin (l93l)» Nockolds (l94o) 
and Larsen (1948) conclude that the granites of the 
batholiths have formed by fractional crystallisation 
of more basic material and that the associated basic 
bodies are either cumulative products of crystal 
fractionation, or the initial basic material from 
which the granitic rocks have been fractionated.
An alternative viewpoint that has received 
support (Wells and Wooldridge, 1931» Nockolds, 1931» 
1933; Joplin, 1933, 19^4, 1959; Deer, 1935, 1938;
4Chayes, 1956) is that the granitic rocks are the 
products of hybridism and that the associated basic 
bodies are remnants of the contaminating basic parent. 
Associated with this hypothesis are two distinct 
alternatives: that the hybrids are cognate and both
the acid and basic parents are derived from a common 
source (Nockolds, 1933» Joplin,1933)J or that the 
basic rocks are older than, and not comagmatic with, 
the granitic rocks (Joplin, 1959)» Both alternatives 
imply a chemical relationship between the granitic 
rocks and the associated basic bodies, but in the 
latter case the sources of the end members are 
separate.
Whichever theory is subscribed to one fact is 
clear, there is a close association in both time and 
space between the granitic batholiths and the associated 
basic bodies. But, as has been pointed out by 
Taubeneck (1957) in a careful study of the Bald 
Mountain batholith, ’mutual association is no 
infallible criterion of a common source of origin’.
It is my intention in this thesis, therefore, 
to examine this typical association in the Hartley 
area and to attempt to assess whether or not there is 
any relationship, either chemical or genetic, between 
the granitic rocks of the batholith and the associated 
basic bodies. Because of the strong similarity of 
this association at Hartley with many other 
associations, it is anticipated that if any conclusions 
can be reached, they will have a bearing on the 
interpretation of other calc-alkaline plutonic 
associations.
5Hybrid origin of granitic rocks
As is evident from the preceding section, theories 
concerning the hybrid origin of granitic rocks have 
received considerable support in the past, particularly 
between 1931 and 19^0. In recent years these theories 
have waned in popularity, being replaced by fractional 
crystallisation, granitisation, and partial melting 
in approximately that chronological order.
Recently, Chappell (1966) has reintroduced the 
theory of hybridism. He proposes that the granitic 
rocks of large batholiths are generated in the lower 
crust by partial melting of basic material to produce 
an acid melt, which is then contaminated to varying 
degrees by the basic source material to produce a wide 
range of granitic compositions. In this process, 
xenoliths of basic material are made over to a 
mineral assemblage that is in equilibrium with the 
acid melt, and introduced into the melt by mechanical 
disintegration and reciprocal reaction. The novel 
feature of this hypothesis is that both parents, the 
initial acid melt and the basic xenoliths, are 
derived from the same source material.
The primary value of the Hartley area for testing 
this hypothesis is that a wide compositional range 
is present, varying from leucocratic adamellite 
to gabbro. If it can be shown that the associated 
basic bodies are related to the granitic rocks, then 
it should be possible to place close limits on the 
compositions of the postulated acid and basic parent 
materials.
6Previous investigations of the area
A geological sketch map made by Ball, Curran 
and Rienits, and published by Curran (1899) is the first 
geological record of the area. The map illustrates the 
distribution of granite, diorite, Devonian strata 
and overlying Permp—Carboniferous sedimentary rocks in 
the Cox’s River valley. Curran referred to the similarity 
between the two small diorite intrusions at Delaney’s 
property (Moyne Farm) and at the Cox's River.
Sussmilch (1914) briefly described various rock 
types cropping out in the Kanimbla valley (Cox's 
River valley), pointing out the difference between the 
granite types at Hartley and at Lowther. He also 
suggested that these distinct rock types might have 
come about through magmatic differentiation after 
emplacement, or that they might represent separate 
intrusions.
Browne (l929)> in a review of igneous activity 
in New South Wales, referred to the rocks near Hartley 
as belonging to the Kanimbla batholith, and reported 
that aplite, pegmatite, porphyritic biotite granite, 
hornblende biotite granite, quartz monzonite, granodiorite, 
quartz—mica diorite and more basic types had been 
recorded from various parts of the batholith.
The first systematic work in the area was done 
by Joplin and published in a series of papers (Joplin,
1931, 1933, 1935, 1937, 1944). Most of this work was 
devoted to the basic rocks of the Moyne Farm and Cox’ s 
River intrusions and to the contact metamorphic rocks 
associated with these intrusions. The associated 
granitic rocks were not dealt with in the same detail.
7Joplin (l93l) concluded that three separate 
intrusions had occurred, namely gabbro, quartz-mica 
diorite, and granite, and that all three were derived 
from the same parent magma by crystal fractionation. 
Subsequent to intrusion the gabbro and quartz-mica 
diorite of the Cox’s River intrusion reacted to form 
an intermediate zone of hornblende gabbro, and the 
quartz-mica diorite of the Moyne Farm intrusion 
differentiated to produce tonalite.
In two subsequent papers, Joplin (l933> 19^) 
modified these conclusions slightly, suggesting that 
the gabbro of the Cox’s River intrusion crystallised 
as a hornblende gabbro. She considered that intrusion 
of the quartz-mica diorite thermally metamorphosed the 
hornblende gabbro to a pyroxene gabbro and also 
reacted with the gabbro giving rise to a variety of 
hybrid ’reaction’ gabbros between the two types. The 
tonalite of the Moyne Farm intrusion was also believed 
to be a hybrid, produced by the reaction of a 
granite-porphyry with the quartz-mica diorite.
These modifications, involving the formation 
of several cognate hybrids, in no way invalidate the 
earlier hypothesis that there were three separate 
injections of ’consanguinous’ gabbro, diorite and 
granite magma.
82 GENERAL GEOLOGY
Geological setting and location
The Kanimbla batholith, situated in the Lachlan 
Eugeosyncline, extends from Hartley in the east to 
Bathurst in the west, and occupies an area of about 
630 square miles (2300 sq. km.).
No comprehensive studies have been made 
of the batholith, but it is believed to consist of 
many small intrusions ranging in composition from gabbro 
to leucocratic adamellite.
The rocks of the batholith were intruded into 
Devonian strata after the Kanimblan orogeny (Sussmilch, 
1914; Browne, I929)» and are themselves unconformably 
overlain in the east by Permo-Carboniferous sedimentary 
rocks of the Sydney Basin. Consequently, the full areal 
extent of the batholith is not known.
K/Ar ages of two granite samples from Hartley 
support the geological evidence that the batholith was 
emplaced in the Middle-Carboniferous (Joplin, 1931> 
Evernden and Richards, 1962).
The area selected for study is situated at the 
eastern end of the Kanimbla batholith in the Cox’s 
River valley near Hartley. The eastern and northern 
boundaries of this area are limited by the overlying 
Permo-Carboniferous conglomerates. Similarly, the 
western limit has been placed just to the east of the 
Hampton-Rydal road, where several Permo-Carboniferous
9outliers hinder the mapping of the underlying granitic 
rocks. The southern boundary to the area has been 
arbitrarily chosen to coincide with the bottom of the 
Katoomba 1:63»360 topographic sheet.
The area mapped is about 170 square miles 
(63O sq. km.), approximately one quarter of the total 
exposed batholith area.
The geological relationships within this area 
are illustrated in Map 1.
In order to facilitate discussion of the 
relationships and origins of the plutonic rocks, it is 
convenient to refer to them in two broad categories.
These are:-
(i) The granitic rocks (in a broad sense), which 
range in composition from leucocratic 
adamellite to diorite, and occupy about 99 
per cent of the area of the exposed plutonic 
rocks.
(ii) The associated satellitic stocks, which range 
from tonalite to gabbro in composition, and 
occupy an area of less than one per cent of this 
part of the batholith.
These two groups will be referred to throughout 
this thesis as the granites (or granitic rocks) and the 
basic bodies (or basic rocks) respectively, even though 
certain members of the two groups are of roughly similar 
chemical and mineralogical composition.
To assist in a unified approach, Fig. 2:1 lists the 
symbols that will be used in all diagrams throughout the 
thesis for each major rock type.
Granit ic Rocks
O Laucocrat lc and B lo t i t a  Adamal l l taa
O  Radfarn and L a t t  A d a m a l l l ta a
B  H a r t l a y  G r a n o d lo r l t a
0  H a m p t o n  G r a n o d lo r l t a
CD Lowthar  C r a a k  Gra no d lo r l ta
Sä) Avondala Or thoc la aa  D lo r l ta
B S a w p l t t  D lor l ta
X Basic Inc lusions
Bas ic  Rocks
A T o n a l l t a
A  D lor l t a
A Gabbro
H ornblandl ta
Figure 2:1 List of symbols used throughout the 
thesis.
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Country Rocks.
The country rocks exposed in the area under study 
occur in an irregular screen separating several granitic 
intrusions, (Map l). They are of Upper Devonian age 
and include argillaceous, arenaceous and calcareous 
sedimentary rocks, together with minor acid volcanic 
rocks (Joplin, 1931)• These rocks have been moderately 
folded and have been metamorphosed by the intrusion of 
granitic and basic rocks. Joplin (1935) has described 
the contact metamorphism in detail, and states that it 
is an example of a medium grade, ’wet’ type of 
metamorphism similar to the contact aureoles of 
Cornwall. Judging from the mineral assemblages listed 
by Joplin, it would appear that the grade of metamorphism 
is that of the Hornblende Hornfels facies (Turner and 
Verhoogen, I960). The width of the aureole is not 
known since all of the rocks within the screen have been 
metamorphosed.
Method of emplacement
The emplacement of granite bodies is generally 
considered to be the result of one or more of the 
following processes:-
(i) Forceful intrusion.
(ii) Subsidence of large blocks of country 
rock, controlled by faulting.
(iii) Stoping.
(ivj Granitisation.
In the Hartley district there is no evidence of 
granitisation. Where observed, contacts with the
11
hornfelses are sharp, and gradational rock types, 
zones ol 1eldspathisation or lit-par-lit structures 
are absent.
Granitic veins, of varying dimensions, are 
present in the hornfels near the margins of the 
granite. These veins, together with the irregular 
nature of some contacts, the existence of local 
intrusion breccia (Fig. 2:2) and the presence of 
inclusions of country rock near the granite margins, 
are all evidence of piecemeal stoping.
However, these occurrences are of minor extent, the 
intrusion breccias are only a few feet wide and inclusions 
of country rock are only found adjacent to the granite 
contacts. They are absent from the rest of the 
granite bodies. It could be argued that included 
blocks of country rock are rapidly assimilated by 
granitic magmas, and that evidence of large scale 
stoping is thereby lost. However, it is difficult to 
conceive that assimilation of such magnitude, of country 
rock ranging in composition from quartzite to calc—silicate 
rock, would not create considerable variation in the 
composition of a single granite body, or leave relict 
xenoliths of unusual mineralogical composition.
The margins of the granite intrusions are completely 
discordant to the structural trends of the country rock. 
This applies to the batholith as a whole, since it trends 
east-west across the north-easterly trending structures 
of the Lachlan geosyncline, and to the granite intrusions 
in the Hartley region. The map of the hornfelses in 
Joplin (1935) illustrates this discordance particularly 
well, and also indicates that the effect of both granites 
and basic rocks on structures within the country rock 
are negligible.
Figure 2:2 Inclusion—filled breccia zone at contact 
of the Gibraltar Creek Diorite and 
Redfern Adamellite.
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Walton (1955) compares the intrusion of granites 
to that of salt domes rising under a gravity potential, 
and points out that even in well-stratified, undeformed 
rocks the dislocations produced by the salt dome are 
restricted to a narrow zone. He suggests that these 
effects might escape detection in the case of a granite 
rising in a similar manner through rocks structurally 
deformed prior to intrusion.
In conclusion, little of a positive nature 
can be said regarding the mode of emplacement. There is 
little evidence of cauldron subsidence, except perhaps 
for some arcuate boundaries to a few of the intrusions 
(Map l), and the magnitude of observable stoping 
processes does not seem to be adequate to account for 
the total volume of the granitic rocks. If forceful 
intrusion played a major role in the emplacement of 
these rocks, then it has done so without any 
discernible effect.
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3 petrography and field relationships
This section is concerned with individual rock 
units, their petrography, mineral and modal variations, 
and their relationships with one another.
Nomenclature
The classification and nomenclature used in 
this thesis is based upon mineralogical criteria and 
closely follows that of Nockolds (195^) with the 
following exceptions
(i) The boundary between granite-tonalite
rocks and syenite-diorite rocks has been 
placed at a quartz content of 20 per cent 
in contrast to the 10 per cent used by 
Nockolds. This is because use of the 
unmodified classificatory scheme would 
require that many of the rocks in the 
Hartley area be termed granodiorite and 
tonalite, whereas chemically they are 
comparable with Nockold’s average mangerite 
and diorite. Similarly, Chayes (1957) has 
recommended that, in accordance with 
common usage, the lower limit of quartz in 
granitic rocks should be placed at 20 per 
cent. This suggestion is gaining increasing 
support and has been adopted by Hatch, Wells 
and Wells (l96l) and recently recommended 
by Streckeisen (1967)*
Ik
(ii) The term orthoclase diorite is used instead 
of mangerite, since to many- petrologists 
mangerites are special orthoclase-bearing basic 
and intermediate rocks, of syenitic affinities, 
closely associated with charnockites.
(iii) The delimitation of diorites and gabbros is
based upon the plagioclase composition.
Rocks with average plagioclase compositions
more calcic than A n h a n d  with pyroxenes.5 U
dominant over hornblende are termed gabbros.
Those with an average plagioclase composition
less calcic than Anen, and with hornblende30
dominant over pyroxenes are called diorites.
Nockolds uses only the plagioclase
composition as a criterion. This is not
entirely suitable for the Hartley rocks
since most of the rocks that are chemically
equivalent to Nockolds' average diorite, and
contain abundant hornblende and little
pyroxene, invariably contain strongly zoned
plagioclase crystals with cores more calcic
than Anen.3U
Modal analyses
Modal analyses were made of 33 samples, primarily 
to assist in nomenclature and also as an aid in 
assessing the relationships between the chemistry and 
mineralogy of the rocks. They have also contributed 
useful information regarding the mineralogical 
variation between intrusions and rock series.
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Since the work of Chayes (1956b), geologists 
have realised that to obtain precise modal analyses of 
coarse grained rocks large areas have to be analysed.
The two common approaches to this problem are to 
analyse either a large number of thin sections 
(Chayes, 1956b) or alternatively a polished rock slab 
(Jackson and Ross, 1956; Emerson, 1958). Neither 
approach is entirely satisfactory. Analysing a large 
number of thin sections per sample is time-consuming, 
especially if using a mechanical stage such as the 
Swift point counter, where an unnecessarily large 
number of points are accumulated. Polished slabs 
are undoubtedly quicker to use and less expensive, 
their main disadvantage being that ferromagnesian 
and accessory minerals cannot be differentiated.
A compromise solution, modified from a method 
given by Fitch (1959) for rock slabs, is to prepare 
large thin sections 37*5 cms. square. The cover 
glasses for these sections are made from photographic 
plates upon which is printed a grid pattern of 1650 
small circles. The cover slips are attached to the 
slide with glycerine jelly and can be easily 
removed for re-use by immersing in warm water. The 
analysis is made by moving the slide by hand under 
the petrographic microscope and recording the minerals 
occurring at the centre of each circle, using an 
automatic counting device.
In order to obtain an estimate of the precision 
of the method, eight typical samples were analysed 
in duplicate using two large thin sections cut from 
different hand specimens from the same outcrop. These 
results are given in Table together with an estimate
» A H O N C V i v O C O V O O H W ^ M  
• ®\ f \  Os 00 f \  r"\ H H  H  vO r \
O H H O O ^ O O O O H H
»T* CM 00
vO W Ov
o d oo
'O M -3-
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of the standard deviation (s) of a single determination 
for each mineral, using the formula:-
S (Youden, 1951)
where D is the difference between duplicate analyses 
and N is the number of sample pairs. It is recognised 
that the above estimate is not strictly applicable to 
this case since the samples are not taken from a 
homogeneous population, but it is believed to be the 
best estimate of the precision obtainable from the 
available data.
All analyses of granitic rocks were made on 
single large thin sections. Most of the finer-grained 
gabbros, diorites and xenoliths were analysed using 
conventional thin sections and a mechanical stage. 
Included in Table 3:1 is a comparison between two 
analyses of a diorite obtained from two large thin 
sections and a single conventional-sized thin section 
(50 A,B,C respectively).
BASIC BODIES
There are three small basic bodies in the area, 
containing rocks ranging from gabbro to tonalite. Two 
of these bodies, the Cox's River intrusion and the 
Moyne Farm intrusion, have been described previously 
(Joplin, 1931, 1933, 1944). The third, the Gibraltar 
Creek Diorite, was recognised during this investigation.
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The intrusive relationships between the basic 
bodies and the granitic rocks cannot be established 
with certainty, but the following lines of evidence 
suggest that they are probably earlier than the 
granites.
(i) Both the Moyne Farm intrusion and the 
Gibraltar Creek Diorite have been 
intruded and veined by the Biotite 
Adamellite and the Lett Adamellite 
respectively. Both are also veined 
by the Leucocratic Adamellite.
(ii) There is no indication that the basic
rocks are younger than any of the granitic 
rocks. Furthermore, the outcrops of 
basic rocks are associated with relict 
screens of sedimentary rocks at the 
margins of intrusions, or are intruded 
by granitic rocks.
These relationships suggest that the basic bodies 
were earlier than the granitic rocks, and that the 
present bodies are relicts, protected from the invading 
granites by a screen of country rocks, or contained as 
large inclusions within the granitic rocks. A similar 
conclusion has been reached by Bateman et al. (1963)
regarding the basic bodies associated with the Sierra 
Nevada batholith.
Modal analyses of representative rock types are 
given in Table 3 :2 .
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COX’S RIVER INTRUSION
This is a small, composite, ovoid intrusion of 
gabbro, diorite and tonalite, occupying an area of 
about 0.77 square miles (1.93 sq. km.). The intrusion 
is completely discordant to the surrounding country 
rock, and the margins, which are unaffected by 
topography, appear to be steeply dipping. Small veins 
of diorite are common in the country rock close to the 
margins of the intrusion. The occurrence of a few 
outcrops of country rock within the intrusion led 
Joplin (l93l) to suggest that the present level of 
exposure is close to the roof of the intrusion. With 
the exception of these outcrops, inclusions of 
sedimentary rocks are rare and can only be found 
close to the margins of the intrusion. Joplin (1931) 
stated that the only other kinds of inclusion found 
are rare ovoid masses of hornblendite. These were 
not observed during the present investigation.
Because of the fine-grained nature of the 
gabbro and diorite, difficulty was experienced in 
mapping the distribution of the two rock types. To 
overcome this problem and locate a boundary between 
the gabbro and diorite, the density of a number of 
randomly distributed samples was determined. The 
density of petrographically and chemically identified 
gabbros averages 2.95 and ranges from 2.90 to 3-02, 
most being greater than 2.93* Similarly identified 
diorites have an average density of 2.85» and all are 
less than 2.89* An idea of the value of density in 
distinguishing different rock types can be gained
19
from Fig. 3:1, where the densities of all the rocks 
studied in this thesis are plotted against their 
silica content.
The densities of all the samples are recorded 
in Table 3 0  and have been used in Fig. 3:2 to erect 
a boundary between the two rock types. Fig. 3:2a 
gives the location of samples referred to in 
Table 3:2. In Fig. 3:2b the sample localities 
identified by a D-prefix have been used only for 
density determinations, the remaining samples, 
without a prefix, have been studied in detail.
In Fig. 3:2b the 2.89 and 2.91 density contours 
have been drawn using a Laplacian computer 
interpolation programme (Crain, 1969)* It is 
anticipated that the boundary between the gabbro 
and diorite should lie close to these two contour 
lines. On the eastern margin of the intrusion is a 
small area where the diorites are more leucocratic, 
with densities of less than 2.80. The 2.80 contour 
line (Fig. 3:2b) illustrates the extent of this area. 
Outcrops of tonalite, usually as veins within the 
diorite, are confined to this small area.
G-abbro
Gabbro is by far the most abundant rock type 
in the intrusion, occupying about 0.33 square miles 
(1.33 sq. km.), approximately 69 per cent of the 
total area. Most of the gabbro is massive, but in 
one well-exposed creek section rhythmic layering is 
extensively developed. These layers, consisting 
of alternating melanocratic and leucocratic bands,
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are steeply dipping, and range in width from about 
30 cms.-to less than 1 cm. (Fig. 3 0 )  • Similar 
rhythmic layering has been described in a large number 
of basic plutons throughout the world, and it has been 
suggested by Wager and Brown (1968) that layering may 
well be the norm rather than the exception in this kind 
of body. They also conclude that in most of these layered 
basic bodies, the layering has been produced by crystal 
settling with associated fractional crystallisation.
The steep inclination of the layering presents 
a problem. It is not known whether the layers were 
formed in their present orientation as was the banded 
division of the marginal border group at Skaergaard 
(Wager and Brown, 1968), or whether they have been 
moved from their initial position either tectonically 
or by intrusion of the surrounding diorite magma.
Petrography
The gabbro is a dark grey, even grained rock 
with crystals ranging from 0.5 to 1.5 mm. in diameter, 
and containing occasional pyroxene crystals up to 3 mm. 
in length. Minerals present are plagioclase, 
hypersthene, clinopyroxene, opaque minerals, hornblende, 
biotite and apatite. Prehnite is present in some 
rocks, both in veins and in small aggregates.
The plagioclase content and composition varies; 
in gabbros that are rich in plagioclase (about 70 
per cent), the plagioclase is labradorite ranging in 
composition from A n ^ t o  An^, mostly about A n ^ .  
Conversely, in rocks with a lower plagioclase content 
(about 60 per cent), the composition is more calcic 
and averages about An^ . Normal zoning is weakly
Figure 3:3 Fine banding in the Cox’s River Gabbro.
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developed in most crystals and oscillatory zoning 
is usually absent. In many of the samples the 
prismatic crystals are arranged in a sub-parallel 
manner, producing a moderately developed igneous 
lamination in the rock.
The dominant ferromagnesian minerals are 
clinopyroxene and hypersthene. The relative 
abundances of these two minerals are highly variable, 
even within the same sample. In general, hypersthene 
is predominant in the plagioclase-rich gabbros, 
whereas both minerals are roughly equally developed 
in the more mafic gabbros.
Green-brown hornblende is present in all 
samples in small amounts(up to 5 per cent), usually 
forming partial rims around pyroxene crystals. The 
change from pyroxene to hornblende in these rocks occurs 
either directly or via an intermediate stage of 
colourless to pale green amphibole, usually containing 
abundant small magnetite inclusions. In the 
melanocratic parts of the layered gabbro, hornblende 
is interstitial to pyroxene, together with plagioclase, 
and it could perhaps be regarded as an intercumulus 
mineral (Wager and Wadsworth, i960). It is thought 
that the replacement of pyroxene by hornblende took 
place as the rock crystallised, and not in a solid 
state, since quartz inclusions in hornblende 
(Taubeneck, 1964) are absent.
Opaque minerals are extremely abundant, 
particularly in the plagioclase-poor gabbros and in 
the melanocratic layers of the layered gabbro. The
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range is from 5-8 per cent, which is more than twice 
the opaque mineral content of similar gabbros associated 
with calc-alkaline rocks, such as the Willow Lake Norite 
(Taubeneck, 1957)» the San Marcos Gabbro (Larsen, 1948), 
and the gabbro of the Guadalupe complex (Best, 1963)* 
Examination of polished sections indicates that the 
opaque minerals are both magnetite and ilmenite, with 
the ilmenite occurring both as sandwich intergrowths 
in magnetite and as separate granules associated with 
the magnetite. Buddington and Lindsley (1964) regard 
both textures as the products of exsolution.
Biotite is not abundant in most samples, occurring 
as thin rims to magnetite crystals. It is of greater 
abundance in the plagioclase-rich samples and in the 
leucocratic parts of the layered gabbro. Here it 
makes up about 4 per cent of the rock.
Apatite is present in all samples, but its 
abundance is highly variable. It tends to be almost 
negligible in amount in the more melanocratic gabbros, 
but occurs as abundant, relatively large, stumpy 
crystals, associated with plagioclase, in the 
plagioclase-rich gabbros and in the leucocratic parts 
of the layered gabbro.
Hornblendite
Outcrops of hornblendite are rare; usually it 
is found in boulders in stream beds. Joplin (l93l) 
records the presence of inclusions of hornblendite in 
the gabbro and suggests that they are cognate 
xenoliths or basic segregations. Hornblendite is 
also found in association with the layered gabbro,
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where it forms a concordant lens or bed, parallel 
to the layering in the gabbro.
Petrography
The hornblendite is a dark green, massive, 
relatively coarse grained rock with pyroxene and 
hornblende crystals up to 4 mm. in diameter. Texturally 
and mineralogically it is similar to the melanocratic 
parts of the layered gabbro. The rock consists of 
large pyroxene crystals in varying stages of alteration 
to green-brown hornblende and colourless to pale green 
amphibole, with intercumulus crystals of hornblende, 
plagioclase and magnetite. The hornblende does not 
appear to be a primary cumulate, but rather a secondary 
product developing after the accumulation of pyroxene. 
The plagioclase crystals are unzoned and are of 
bytownite composition (Ang^), similar to the plagioclase 
of the more melanocratic gabbros.
Diorite
As can be seen from Fig. 3:2, the diorite 
occupies a subordinate proportion of the total area 
of the inclusion (about 31 per cent), forming an 
incomplete zone around the gabbro. This interpretation 
is slightly in conflict with Joplin (1931» 1935)» who
has shown the diorite as an outer concentric zone 
completely surrounding the gabbro. It could be argued 
that the present mapping is in error since it is 
based only on the density of rocks. In its defence, 
however, it must be pointed out that, firstly, this 
interpretation is reasonably objective, being derived 
from a mathematical treatment of randomly collected
2k
data, Moreover, petrographic and chemical 
examination of four further samples indicated that 
they had been correctly classified on the basis of 
their densities. One of these samples (56), a gabbro, 
is so close to the margin of the intrusion as to 
make a completely concentric arrangement impossible.
Small veins of very fine grained diorite, 
chemically similar to the main diorite mass, are found 
within the surrounding country rock. This evidence is 
taken to indicate that the diorite was completely 
liquid on intrusion. The relationship between the 
diorite and the gabbro is not known; similar veins 
of diorite have not been found within the gabbro, 
nor are inclusions present in either rock type. The 
boundary between the two is nowhere exposed, but 
judging from a lack of intermediate rock types it is 
assumed to be fairly sharp. Joplin (1931) describes 
a diorite-gabbro which she regarded as an intermediary 
between the two rock types. However, the analysis 
she gives of this rock falls within the compositional 
range obtained for the gabbros during this investigation. 
It seems that her later interpretation (1935), that the 
diorite-gabbros are less extensive than she previously 
thought, and that they are altered gabbroic rocks, 
is probably correct.
On the eastern margin of the intrusion is a 
small area of more quartz-rich leucocratic diorite. 
Gradations with the normal diorite have been observed.
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Petrography
The bulk of the diorite is a massive, dark grey, 
even grained rock,, ranging in grain size from 0.5 
to 1.5 mm,- The following minerals are present in 
varying proportions (Table 3:2): plagioclase, 
hornblende, biotite, quartz, potassium feldspar, 
opaque minerals, pyroxene, sphene and apatite. 
Secondary epidote, calcite, chlorite and prehnite 
are present in some samples.
The plagioclase is markedly zoned, both normal
and oscillatory zoning being well developed. The
composition is variable, ranging from about An^ to
An^„in the main diorite, and from An„, to AnrA in the 62 J4 5U
more leucocratic diorites on the eastern margin of the 
intrusion. In a few samples, a pronounced igneous 
lamination produced by the sub-parallel arrangment of 
plagioclase crystals is present.
In most of the diorite, hornblende predominates 
over biotite, whereas in the more leucocratic diorites 
both are present in roughly equal amounts, and the 
hornblende crystals are less well formed, being 
ragged in appearance. Relict clinopyroxene occurs 
in the cores of some of the larger hornblende 
crystals.
Quartz is present in all samples, increasing 
from about 8 per cent in the normal diorite up to 
about 20 per cent in the more leucocratic diorites 
and associated tonalites. Similarly, potassium 
feldspar, which is absent from the more typical 
diorite, increases to about 4 - 6  per cent in the 
leucocratic diorites and tonalites.
26
The opaque minerals, sphene and apatite vary 
throughout the dioritess the former tend to be more 
abundant in the normal diorite, whereas sphene is 
best developed in the more leucocratic diorites, and 
apatite appears to vary enormously in abundance from 
sample to sample and is not noticeably associated 
with any other mineral or group of minerals. The 
opaque minerals consist of both magnetite and 
ilmenite, with the latter being possibly more 
predominant. Small amounts of pyrite are also 
present.
Tonalite
Most of the tonalite occurs in a few outcrops 
exposed in the bed of the Cox’s River* on the eastern 
margin of the intrusion. It generally occurs as 
veins in the associated leucocratic diorite. Within 
this small area there appears to be a complete and 
transitional gradation from diorite to tonalite.
Petrography
The tonalite is a pale grey, even grained 
rock, ranging in gain size from about 0.5 to 1.5 mm. 
The minerals which are present are plagioelase, 
potassium feldspar, quartz, biotite, magnetite and 
apatite. Hornblende is absent from the tonalite of 
the Cox’s River intrusion.
The plagioelase exhibits both normal and 
oscillatory zoning and the composition ranges
27
from about A n ^  to A n ^ T h e  potassium feldspar is 
orthoclase and is entirely interstitial to 
plagioclase and quartz. Biotite occurs as small, 
red, rather ragged flakes.
MOYNE FARM INTRUSION
Basic rocks, ranging in composition from diorite 
to tonalite, are exposed in Moyne Creek, near the 
Moyne Farm homestead. The full areal extent of this 
instrusion is not known since it is overlain on three 
sides by Permo-Carboniferous conglomerates. The 
present area of exposure is approximately 0.35 square 
miles (0.88 sq. km.). The geological relationships 
of this small basic body are illustrated in Fig.
As with the map of the Cox's River intrusion, samples 
prefixed with the letter M have been used for density 
determinations only. Those samples without prefixes 
have been studied in more detail. Density values for 
all of these samples are listed in Table 3 0 *
The northern end of the Moyne Farm intrusion 
is intruded by a deeply weathered and poorly exposed 
biotite adamellite. This adamellite is chemically 
and modally similar to the Biotite Adamellite cropping 
out in the rest of the area. This particular rock 
type was called granite-porphyry in the earlier work 
of Joplin (l931> 19^) • Veins of this adamellite
can be found intruding both the diorite and the 
tonalite.
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Diorite
The diorite occupies the bulk of the exposed area, 
about 0.26 square miles (0.65 sq.km.), and intrudes 
the contact metamorphosed country rock at the southern 
end of the intrusion. Judging by the uniform density 
values in Table 3:3» it would appear that the diorite 
is relatively homogeneous. It is not known whether 
the boundary between the diorite and the tonalite is 
gradational or sharp, because of a lack of outcrops 
in the critical area.
Petrography
The diorite is very similar to the diorite of 
the Cox's River intrusion. Minerals present are 
plagioclase, hornblende, biotite, quartz, opaque 
minerals, pyroxene, sphene and apatite. Secondary 
minerals such as prehnite, epidote, calcite and 
chlorite are more abundant in the Moyne Farm diorites 
than in the Cox's River diorites. Biotites in some 
samples (e.g. 78) are completely chloritised, and
the rock is notably deficient in potassium, 
suggesting that leaching may have accompanied 
alteration. This is probably due to the very close 
proximity of the pre-Permo-Carboniferous erosion 
surface.
Tonalite
This occurs to the north of Moyne Farm in a 
small area between the diorite and biotite adamellite. 
It is poorly exposed, and those outcrops that are 
present are fractured and cut by small veins of 
potassium feldspar and quartz.
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Petrographv
Mineralogically the rock is not a true tonalite 
and is not exactly comparable with the tonalite veins 
of the Cox’s River intrusion. It contains slightly 
less than 20 per cent quartz, and has a higher 
plagioclase/total feldspar ratio than the Cox’s 
River tonalite. It also contains a considerable 
amount of hornblende. It belongs, in fact, to the 
diorite-tonalite series, being less basic than the 
leucocratic diorites of the Cox's River intrusion, 
but slightly more basic than their associated tonalite. 
The name tonalite has been used since it is a distinct 
mappable unit when compared with the associated 
diorite. It was mapped as tonalite by Joplin (1931? 
1944) in the original investigation.
GIBRALTAR CREEK DIORITE
This is an extremely small outcrop of diorite, 
about 0.1 square miles (0.3 sq. 1cm.) in area, 
occurring at the southern end of the map area, and 
exposed in the fresh water-worn slabs of Gibraltar 
Creek. It is completely surrounded by the Redfern 
Adamellite and is intricately veined by this rock. 
Hybrid rocks have been produced locally as a result 
of assimilation of the diorite by the Redfern 
Adamellite.
Petrography
Although dioritic in composition, the rock is 
not comparable with the dioritic rocks of the Cox's
30
River and Moyne Farm intrusions. The main difference 
is that the Gibraltar Creek Diorite contains a much 
greater proportion of hornblende relative to biotite 
than do the other two intrusions. Other minerals present 
are plagioclase, quartz, minor potassium feldspar, 
opaque minerals, sphene, apatite and secondary 
epidote. The apatite crystals are extremely abundant 
and unusually large, up to about 1 mm. in length.
The plagioclase, as in the other diorites, 
exhibits both normal and oscillatory zoning, and has 
a composition ranging from A n ^  to An^.
THE GRANITIC ROCKS
As mentioned previously, the granitic rocks make 
up over 99 per cent of the total area occupied by 
intrusive rocks. Eight distinct mappable rock types 
can be recognised in the field, ranging in composition 
from diorite to leucocratic adamellite. In addition 
to these major rock units, veins of pegmatite and 
aplite occur.
The distribution of these granitic rocks and 
their relationships with one another are shown on 
Map 1. The true areal extents of most of them are 
not known, since some extend beyond the mapped area, 
and other are uncomformably overlain by the 
Permo-Carboniferous conglomerates. The total areas 
for each rock type exposed within the map area are 
as follows:-
31
sq. miles sq. km.
Leucocratic Adamellite
and Biotite 13 33Adamellite
Lett Adamellite 16 4l
Hartley Granodiorite 8 21
Hampton Granodiorite 10 26
Lowther Creek _n
Granodiorite
Redfern Adamellite 55 142
Avondale Orthoclase-
Diorite to *5
Sawpitt Diorite 4 9
The majority of the granite types are remarkably 
uniform, showing little indication of local 
variation, or gradational contacts with other 
granites. This is taken as evidence for separate 
injections of each of the rock types, with little or 
no local modification during emplacement.
As far as can be deduced, the order of intrusion 
is predominantly from basic to acid. The Redfern 
Adamellite appears to be an exception to this trend.
These relationships, together with the general 
characteristics of each rock type are discussed below, 
following the estimated order of intrusion. Modal 
data for the various rock types are presented in Table
3:4.
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SAWPITT DIORITE
This is the oldest unit in the granite series. 
From the relationships shown in Map 1 it is clear that 
the Sawpitt Diorite is intruded by both the Lowther 
Creek Granodiorite and the Hampton Granodiorite.
The relationship with the Avondale Orthoclase-Diorite 
is more problematical. Initially the two rock types 
were mapped as a single unit. Further investigations 
showed that over most of the area two apparently 
distinct rock types could be recognised, although 
in places no such distinction could readily be made. 
Consequently, a tentative boundary has been drawn 
separating the two rock types and they are considered 
separately in the text.
Petrography
A massive, dark grey diorite ranging in grain 
size from 1 to 5 mm., the rock contains abundant 
basic inclusions which range in size from about 20 
cms. to small microxenoliths only a few millimetres 
in diameter. No hand specimen is free of these 
smaller inclusions.
Minerals present are plagioclase, hornblende, 
biotite, quartz, potassium feldspar, opaque minerals, 
sphene and apatite. Clinopyroxene is present in 
some samples, rimmed and partially replaced by 
hornblende and biotite. Its presence appears to be 
associated with the development of biotite and 
hornblende, and will be discussed more fully in 
connection with the Avondale Orthoclase-Diorite, in 
which this phenomenon is more extensively developed.
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Hornblende, biotite, opaque minerals, sphene 
and apatite are all relatively abundant in this 
rock. Apatite is closely associated with hornblende 
and the opaque minerals, and to a lesser extent with 
biotite. It is rarely associated with the feldspars 
or quartz. The opaque minerals consist of both 
magnetite and ilmenite in discrete grains, magnetite 
being more abundant than ilmenite.
The plagioclase ranges in composition from An^ 
to An^ p,, the overall composition being close to An^. 
Zoning is very well developed and includes both 
oscillatory and normal types. In one particular sample 
(79)» the characteristic oscillatory zoning is only 
weakly developed, and is replaced by normal zoning 
accompanied by undulöse extinction. It is believed 
that the plagioclase has been annealed during the 
emplacement of the younger granites, and that the 
small compositional differences between adjacent 
zones have been obliterated. If this interpretation 
is correct, the presence or absence of oscillatory 
zoning could be a useful guide to intrusive 
relationships.
AVONDALE ORTHOCLASE-DIORITE
This rock unit has been intruded by both the 
Lowther Creek Granodiorite and Redfern Adamellite.
It is itself intrusive into the Upper Devonian 
country rocks, the contact between the two being 
irregular and embayed. Veins and lenses of the orthoclase- 
diorite are found in the country rock, close to the 
margin.
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This is one of the few intrusions showing local 
compositional variation. It tends to be more 
leucocratic and quartz-rich along its northern contact. 
It is not known whether this is a gradational 
relationship, or whether it is a separate marginal 
phase associated with the orthoclase-diorite.
Mafic inclusions are common in this unit, but 
tend to be more abundant in the leucocratic marginal 
variety, rather than in the widespread, more mafic 
orthoclase-diorite.
Petrography
The Avondale Orthoclase-Diorite is a dark, 
massive rock, ranging in grain size from 1 to 6 mm.
The more leucocratic variety from the northern 
margin of the orthoclase-diorite contains plagioclase, 
quartz, potassium feldspar, biotite, hornblende, 
opaque minerals, sphene and apatite. The plagioclase 
ranges in composition from A n ^  to A n ^  with both 
normal and oscillatory zoning well developed.
The main part of the orthoclase-diorite has 
a higher colour index and contains less quartz. 
Minerals present are plagioclase, biotite, potassium 
feldspar, quartz, hornblende, clinopyroxene, opaque 
minerals and apatite. Sphene is notably absent.
The opaque minerals are magnetite and ilmenite in 
roughly equal proportions, with some pyrite. The 
ilmenite and magnetite are associated together in 
large single grains. Apatite is particularly abundant 
in this rock type and is strongly associated with the 
ferromagnesian minerals, especially clinopyroxene and
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the opaque minerals. Approximate estimates indicate 
that apatite is from 4 to 8 times more abundant in 
association with ferromagnesian minerals than in equal 
areas of quartz and feldspars.
The plagioclase in most of the samples of this 
rock is of fairly uniform composition, about An^, 
with slight normal zoning and undulöse extinction. 
Oscillatory zoning is absent, and it is suggested 
that, as with some of the Sawpitt Diorite samples, 
the plagioclases have been annealed during emplacement 
of the nearby Redfern Adamellite.
The clinopyroxene is in various stages of 
alteration to hornblende. It occurs as discrete 
crystals partially rimmed by hornblende, or as 
remnants within large hornblende crystals. As in the 
gabbro of the Cox's River intrusion, the alteration 
process appears to take place both directly and via 
an intermediary colourless amphibole containing 
small grains of opaque minerals. Both processes 
have been described by Nockolds (1934). The 
presence of clinopyroxene in this rock, coupled with 
the absence of sphene, must be regarded as anomalous 
since pyroxene is absent and sphene present in all 
other members of the granite series, including the 
more basic Sawpitt Diorite.
REDFERN ADAMELLITE
The Redfern Adamellite is the largest intrusive 
mass in the area. It is characteristically 
porphyritic and coarse grained throughout the entire 
intrusion and is remarkably homogeneous. It is
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identical in mineralogy, texture and chemistry to
the Lett Adamellite which crops out in the north of the
area.
The Redfern Adamellite intrudes the Avondale 
Orthoclase-Diorite and is also clearly younger than 
the Sawpitt Diorite. The large embayment in the 
contact between the adamellite and the Avondale 
Orthoclase-Diorite suggests that the adamellite may 
well have been intruded as a series of small intrusions 
of similar composition.
Inclusions are not abundant, even close to 
contacts with more basic rocks. An exception to this 
is the contact between the Redfern Adamellite and the 
Gibraltar Creek Diorite. The adamellite veins the 
diorite and contains many basic inclusions close to 
the contact. In turn, the adamellite has been locally 
contaminated by the diorite to produce a granodiorite. 
The effects of contamination are extremely local and 
the granodiorite hybrid is restricted to veins within 
the diorite and to a narrow, inclusion-filled zone 
at the contact.
The position of the Redfern Adamellite in the 
intrusive sequence is somewhat problematical and 
contradictory. From Map 1 it is clear that it is 
younger than the Sawpitt Diorite and Avondale 
Orthoclase-Diorite, and that it is intruded by both 
the Hampton Granodiorite and by small masses of 
granodiorite which are identical with the Lowther 
Creek Granodiorite. If the Redfern Adamellite is 
older than the Lowther Creek Granodiorite, then it 
cannot be equivalent to the Lett Adamellite, to which 
it is so similar, since the latter can be shown to be
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younger than the Lowther Creek Granodiorite. The 
problem is further complicated by the fact that both 
the Redfern and Lett Adamellites are intimately 
associated with small masses and veins of Leucocratic 
Adamellite. No other rock type shows a similar 
association with the Leucocratic Adamellite. If, 
therefore, adamellite of the same composition has 
been intruded on two separate occasions, as the 
evidence appears to suggest, then it has crystallised 
with the same characteristic porphyritic texture and 
has been accompanied on both occasions by intrusion 
of Leucocratic Adamellite.
An alternative explanation of these inter­
relationships is to assume that the Redfern and Lett 
Adamellites were emplaced at the same time and that the 
Lowther Creek and Hampton Granodiorites were emplaced 
last in the intrusive sequence. In this case, it is 
necessary to postulate two separate intrusive 
episodes for the Lowther Creek Granodiorite since 
the main mass can be shown to be older than the Lett 
Adamellite, and the smaller satellitic intrusions 
are intrusive into the Redfern Adamellite.
Petrography
This is a massive, conspicuously porphyritic 
adamellite, which may grade locally into a massive, 
coarse, even grained adamellite. The grain size 
ranges from 1 to 4 mm. with large megacrysts of 
of potassium feldspar and, occasionally, of 
plagioclase up to 25 mm. in length. Minerals present 
are plagioclase, quartz, potassium feldspar, biotite,
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sphene, opaque minerals and apatite. Small, usually 
skeletal crystals of hornblende are occasionally 
present in some samples.
The potassium feldspar contains inclusions of 
all other minerals and appears to be veining and 
replacing plagioclase. Microcline twinning is 
incipiently developed in some samples, whereas in 
others the potassium feldspar appears to be orthoclase.
The plagioclase ranges in composition from A n ^  
to An^, both normal and oscillatory zoning being 
present. A characteristic feature of these 
oscillatory zones is a series of broad zones of 
similar composition separated by thin zones slightly 
richer in anorthite.
Biotite, magnetite, sphene and apatite tend 
to occur together in small clusters. Sphene is quite 
abundant in this rock type, occurring in euhedral 
crystals up to 1 mm. in length. Minor amounts of 
pyrite are also present.
LOWTHER CREEK GRANODIORITE
This granodiorite occurs in four separate areas, 
all mineralogically and chemically very similar. The 
main body of the granodiorite is located along the 
western margin of the map area. It has broken through 
the screen of country rock separating it from the 
Sawpitt Diorite and has intruded the diorite. Its 
relation to the Avondale Orthoclase-Diorite is not 
known, and it is presumed to have intruded the Redfern 
Adamellite. The main body of the granodiorite has
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been intruded by the Hampton Granodiorite, 
separating it into two areas. In the north it has 
been intruded by the Lett Adamellite and the Hartley 
Granodiorite.
The two satellitic masses of the Lowther Creek 
Granodiorite are intrusive into the Redfern 
Adamellite. One of these masses forms an arcuate 
intrusion around the end of the Hampton Granodiorite. 
This arcuate intrusion is thought to be the remnant 
of a more ovoid intrusion present before the 
Hampton Granodiorite was emplaced.
Petrography
The Lowther Creek Granodiorite is a massive, 
grey, even grained granodiorite, ranging in grain 
size from 1 to 3 mm. Minerals present are 
plagioclase, quartz, biotite, potassium feldspar, 
hornblende, magnetite, sphene, apatite and zircon. 
Plagioclase crystals exhibit both normal and 
oscillatory zoning, with a compositional range from 
An_ _ at the rims to An_„ at the core. The bulk of25 50
the plagioclase is andesine, about A n ^ .
The potassium feldspar is orthoclase, devoid 
of obvious perthite lamellae, and occurring as 
interstitial crystals. Biotite, hornblende, magnetite, 
sphene and apatite occur together in the small clusters 
which are so characteristic of the granitic rocks in 
this area.
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HAMPTON GRANODIORITE
The Hampton Granodiorite occurs as a lobe 
intruding into the Lowther Creek Granodiorite, the 
Redfern Adamellite, the Avondale Orthoclase-Diorite 
and the Sawpitt Diorite. It is not intruded by any 
other rock type within, the map area, consequently 
its overall relationship must remain in doubt.
Petrography
The Hampton Granodiorite is a pink to grey, 
massive rock, ranging in grain size from 1 to 4 mm. 
Most outcrops are weathered and rather friable. The 
minerals present are plagioclase, quartz, potassium 
feldspar, biotite, hornblende, magnetite, sphene and 
apatite, with secondary epidote, carbonate and 
sericite.
Much of the plagioclase is cloudy, but fresher 
crystals range in composition from An,,^ . to A n ^  and 
exhibit both normal and oscillatory zoning. 
Microcline twinning is moderately developed in the 
potassium feldspar crystals.
Biotite, hornblende, magnetite, apatite and 
sphene are usually associated together in small 
clusters. The hornblende is invariably poorly 
developed, forming small irregular crystals.
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HARTLEY GRANODIORITE
The Hartley granodiorite intrudes the Upper 
Devonian country rock and the Lowther Creek 
Granodiorite. It is assumed that the Hartley 
Granodiorite has been intruded by the Lett 
Adamellite, Biotite Adamellite and Leucocratic 
Adamellite since it occurs in two identical masses 
separated by a broad belt containing these various 
rock types.
Field mapping and petrographic examination 
suggests that the granodiorite is a single homogeneous 
unit. Subsequent detailed chemical investigation, 
however, has shown that this is not the case and 
that subtle chemical differences are present within 
the granite. The results of an investigation of these 
chemical variations are presented in a later section 
of the thesis.
Petrography
The Hartley Granodiorite is a grey, massive 
rock, ranging in gain size from 0.5 to 4.0 mm.
Minerals present are plagioclase, quartz, potassium 
feldspar, biotite, hornblende, magnetite, sphene 
and apatite, with minor pyrite and small amounts of 
secondary epidote in some samples.
The plagioclase exhibits both normal and 
oscillatory zoning, with an overall range in 
composition from A n ^  to An^. A few of the crystals 
contain small corroded cores, usually with a 
characteristic ’patchy’ extinction, and are
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partially altered to sericite. The potassium 
feldspar is orthoclase, containing abundant film 
perthite lamellae. These crystals are usually 
interstitial, but some of the larger ones contain 
inclusions of the other minerals.
Biotite, hornblende, magnetite, sphene and 
apatite tend to occur together in clusters of varying 
size. Some hornblende is replaced by biotite, and 
several of the larger biotite crystals contain skeletal 
cores of hornblende. As with the other granitic rocks, 
apatite occurs as inclusions in biotite and in association 
with the ferromagnesian clusters. Measurements made 
on several samples indicate that apatite crystals are 
from four to nine times more abundant in ferromagnesian 
clusters than they are in equal sized areas of quartz 
and feldspar.
LETT ADAMELLITE
The Lett Adamellite occurs in several irregular 
areas at the northern end of the mapped area. It was 
presumably intruded as a much larger mass, which has 
been dissected into smaller sections by intrusion of 
the Biotite and Leucocratic Adamellites.
The Lett Adamellite is very similar to the 
earlier Redfern Adamellite. It is conspicuously 
porphyritic and mapping has been based entirely on 
this textural feature. Relationships between the Lett 
Adamellite and the Biotite and Leucocratic Adamellites 
are complicated and difficult to establish. This is 
because the Lett Adamellite is of variable composition, 
containing some variants that are chemically equivalent 
to both the Biotite and Leucocratic Adamellites. It
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follows, therefore, that the boundaries drawn between 
these three units are highly subjective, and would 
probably differ quite considerably if mapping had been 
based on chemical criteria. This problem will be 
discussed further in the following chapter.
Petrography
From a petrographic viewpoint, the Lett 
Adamellite is identical to the Redfern Adamellite 
and need not be discussed in detail. It is intersting 
to note that, as with the Redfern Adamellite, small 
crystals of hornblende are present in some samples, 
especially those that were taken from outcrops 
containing unusually large numbers of basic xenoliths. 
Furthermore, it was found that the adamellite between 
these xenolith concentrations contained fairly abundant 
hornblende, visible in hand specimen.
BIOTITE ADAMELLITE
Since, as has just been stated, the Biotite 
Adamellite is intimately associated with the Lett and 
Leucocratic Adamellites at the northern end of the 
map area, no attempt has been made to differentiate 
between the Leucocratic Adamellite and Biotite 
Adamellite. Both of these occur frequently in adjacent 
outcrops and no systemic relationship can be found 
between them.
Petrography
The Biotite Adamellite is a pink, massive rock 
with grain size ranging between 1 and 3 mm. Locally,
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the adamellite is transitional to the Lett 
Adamellite, and contains scattered megacrysts of 
potassium feldspar up to 20 mm. in length. Some of 
these crystals are concentrically zoned.
Other minerals present are quartz, plagioclase, 
biotite, magnetite, sphene and apatite, with very 
minor allanite.
The plagioclase ranges in composition from 
about An^g to An^(y and is both normally and 
concentrically zoned. Some of these plagioclase 
crystals appear to have been broken.
Biotite occurs as small ragged flakes, usually 
in association with magnetite and sphene. Apatite 
appears to be almost entirely restricted to these 
ferromagnesian clusters and to inclusions within 
biotite.
LEUCOCRATIC ADAMELLITE
The Leucocratic Adamellite is closely associated 
with both the Lett and Redfern Adamellites. If 
the assumptions regarding these two porphyritic 
adamellites are correct, it follows that the 
Leucocratic Adamellite has been emplaced on two 
separate occasions during the intrusive sequence, and 
that there is probably some close genetic
relationship between it and the porphyritic adamellites.
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Although the Leucocratic Adamellite is shown 
in Map 1 as occupying a large, irregular area, some 
evidence suggests that in fact it is not a uniform 
intrusive mass, but an intricate series of intersecting 
dykes and sills, with remnants of Lett and Biotite 
Adamellite between them. The Leucocratic Adamellite 
is fine grained and more resistant to weathering, 
and because of this its outcrops are conspicuous 
and appear to be more prevalent than those of the 
coarser grained remnant rocks. Evidence supporting 
the above assumption is as follows
(i) The apparently haphazard arrangement of 
outcrops of the three rock types.
(ii) The presence of large feldspar crystals 
in the soil, when the only outcrops 
visible are fine grained Leucocratic 
Adamellite.
(iii) The presence of long, vein-like
protrusions of Leucocratic Adamellite 
into the Lett Adamellite.
Fig- 3:5 shows a similar relationship between the 
Leucocratic Adamellite and the Redfern Adamellite.
On the face of the escarpment are a series of 
prominent veins of Leucocratic Adamellite, with 
Redfern Adamellite in between. On top of the hill, 
however, there are no outcrops of the Redfern 
Adamellite, just rubble of Leucocratic Adamellite, 
creating the misleading impression that the area 
is made up entirely of Leucocratic Adamellite.
Figure 3:5 View illustrating the relationships 
between the Redfern and Leucocratic 
Adamellites. Dykes of Leucocratic 
Adamellite crop out on the ridges 
with Redfern Adamellite in between.
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Petrography
The Leucocratic Adamellite is a pale pink to 
grey, massive rock of uniform grain size ranging from 
0.5 to 2.0 mm. The minerals present are potassium 
feldspar, quartz, plagioclase, biotite and magnetite, 
with minor apatite and fluorite. In many respects 
the rock is very similar to an aplite.
The plagioclase is only slightly zoned and is
of uniform composition in most samples. It ranges
in composition from about An. in some samples too
about A n ^  in others. Most of the plagioclase is 
oligoclase ( A n ^  2 0 ^ *  The P^assium feldspar is 
orthoclase with very well developed film perthite 
lamellae. Myrmekite is conspicuous at many 
plagioclase/potassium feldspar boundaries.
Biotite and magnetite are scattered sporadically 
throughout the rock; they do not form clusters as 
in the more basic granitic rocks. Fluorite is not 
abundant; it is usually associated with biotite 
crystals, and may perhaps be of secondary origin.
SUMMARY OF INTRUSIVE RELATIONSHIPS
The geological relationships that have been 
discussed in the preceding section are summarised 
below in the deduced order of increasing age:-
Leucocratic Adamellite 
Lett and Biotite Adamellites 
Hartley Granodiorite 
Hampton Granodiorite (?)
Lowther Creek Granodiorite
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Leucocratic Adamellite 
Redfern Adamellite 
Avondale Orthoclase-Diorite 
Sawpitt Diorite
Basic Intrusions (?)
INCLUSIONS
Three types of inclusions can be found in the 
intrusive rocks of the Hartley area:-
(i) Xenoliths of country rock
(ii) Inclusions of hornblendite
(iii) Mafic inclusions
Xenoliths of country rock are of minor 
importance and are restricted to within a few feet 
of the margins of an intrusive body. Rare hornblendite 
inclusions in gabbro have been described by Joplin 
(l93l) but have not been found by the present writer.
Mafic inclusions are by far the most abundant, 
and are the only ones which will be considered 
further. These inclusions are present in all of the 
granitic rocks, but are absent from tie gabbros, 
diorites and tonalites of the basic bodies. They 
range in size from about 20 cms. to less than 1 cm. 
in diameter. Locally, there are rare, large xenoliths 
that attain a diameter of several metres. The 
abundance of these inclusions in any one rock unit 
appears to be fairly uniform, but there is a variation 
between different rock units, and this can be shown 
to be related to the composition of the host rock.
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In general, there is an increase in xenolith abundance 
with an increase in the basicity of the rock. This 
is illustrated by the following xenolith abundances, 
in terms of volume, in some of the granite bodies
Leucocratic Adamellite less than 0.1$
Biotite Adamellite 0.3%
Porphyritic Adamellite 0.4$
Avondale Orthoclase-Diorite 1.1%
Sawpitt Diorite 2.4$
Although these figures may not be completely reliable 
owing to sampling problems, the trend is unmistakable, 
and supports the general impressions gained from field 
observations. These differences in xenolith abundance 
are illustrated in Fig. 3:6, which shows typical 
outcrops of the Redfern Adamellite and the Sawpitt 
Diorite.
Similar relationships between the abundance of 
mafic inclusions and the composition of the host rock 
have been described from the Sierra Nevada batholith 
by Bateman et al. (1963)* They note that mafic
inclusions in adamellite and granite are much rarer, 
occurring mainly at the immediate contact with mafic 
country rock. They also note that the number and 
size of mafic inclusions in the compositionally 
zoned Cartridge Pass Granodiorite can be related 
to the ferromagnesian mineral content of the rock, 
particularly to the hornblende content. Chappell 
(1966), in a study of part of the New England batholith, 
regards the close relationship between granite 
composition and abundance of mafic inclusions as 
strong evidence for a hybrid origin of these rocks.
Figure 3:6 Basic inclusions in granites. Contrast 
between abundance in Redfern Adamellite 
(upper) and Avondale Orthoclase-Diorite 
(lower).
49
In the Hartley area, unlike the Cartridge Pass 
Granodiorite, each granitic intrusion is of uniform 
composition and the basic inclusions exhibit a 
complementary uniformity of distribution. There are 
some local concentrations of inclusions, possibly 
brought about by the disintegration of larger 
inclusions, but there appears to be no systematic 
variation in xenolith abundances within each intrusion. 
This uniformity of distribution, together with an 
absence, over most of the area, of an obvious local 
source for these inclusions, suggests that they 
have probably been incorporated into the granites at 
depth, possibly close to the place of origin.
Petrography
The composition of these basic inclusions is 
highly variable, ranging from diorite, through 
orthoclase-diorite, to granodiorite, depending on 
the amount of interaction that has taken place 
between the inclusion andthe host granite.
All stages in the conversion of an inclusion 
to the composition of the host rock can be recognised. 
The most basic inclusions are very fine grained, less 
than 1 mm. in size, with a characteristic interlocking 
mosaic texture. They contain plagioclase, hornblende, 
biotite, minor quartz, opaque minerals, apatite and 
zircon. The plagioclase is only slightly zoned and 
ranges in composition from A n ^  to An^. Oscillatory 
zoning is only slightly developed. Hornblende is 
much more abundant than biotite, and frequently contains 
cores of pyroxene. Both apatite and zircon are very
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abundant in the inclusions in comparison with the 
granitic rocks. Apatite appears to occur in two 
distinct types: line acicular needles less than
0.02 mm. in length, and larger stumpy crystals 
ranging in diameter from 0.03 to 0.15 mm.
The less basic inclusions contain more quartz, 
and less plagioclase, with potassium feldspar 
becoming increasingly abundant. As the inclusions 
become less basic, the hornblende/biotite ratio 
decreases. The inclusions change texturally also, 
containing larger crystals of plagioclase, potassium 
feldspar, biotite and hornblende in a fine grained 
groundmass. These larger crystals frequently contain 
inclusions of other crystals, but clear themselves 
completely as the composition approaches that of the 
host rock. Very well-developed oscillatory zoning 
is a characteristic feature of the larger plagioclase 
crystals.
SUMMARY OF MINERALOGICAL VARIATION
Quartz
In the granitic rocks, quartz ranges from about 
32 per cent in the most leucocratic rocks to about 
8 per cent in the Sawpitt Diorite. It is less 
abundant in rocks from the basic intrusions, 
ranging from about 27 per cent in the most acid 
tonalite to about 7 per cent in the diorites. The 
gabbros contain no quartz.
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Potassium feldspar
This is predominantly orthoclase in most rocks, 
but certain individual samples contain potassium 
feldspar with incipient to moderately developed 
microcline twinning. In the granitic rocks, 
potassium feldspar ranges from about 40 per cent in the 
Leucocratic Adamellite to only 5 per cent in the Sawpitt 
Diorite. The variation is not regular: the amount of
potassium feldspar can vary considerably within the 
same rock type.
Plagioclase
This varies in absolute amount and in composition
throughout the two rock series. In the basic rocks
it ranges from about 56 per cent in the tonalites
to about 72 per cent in the least basic gabbros. In
the more basic gabbros the plagioclase content
decreases to about 60 per cent, the remaining bulk of
the rock being mafic minerals. This trend has been
extended to an extreme in the hornblendites, where
mafic minerals make up about 80 per cent of the
rock, the remainder being plagioclase. The anorthite
content of the plagioclase in the basic rocks decreases
in a regular and systematic manner from An„„ in the87
hornblendite to about An_„ in the tonalite. This isJ5
clearly illustrated in Fig. 3s7*
The content of plagioclase in the granitic 
rocks ranges from 26 per cent in the Leucocratic 
Adamellite to 57 per cent in tin Sawpitt Diorite.
This trend is not completely regular; there is a 
tendency for the content of plagioclase to vary 
inversely with that of potassium feldspar. Although
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1— --------------------- -
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I Avon da la O r th o c la a o -D lo r l t o
(a nnaa lod  f )
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Figure 3:7
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Anorthite content of plagioclase Ieldspars,
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the overall compositional trend is from andesine 
(about A n ^ )  in the Sawpitt Diorite to albite (An^) 
in the Leucocratic Adamellite, the trend is rather 
irregular (Fig. 3*7)» being obscured by oscillatory 
zoning and considerable overlap between the different 
intrusions.
Biotite
This increases from about one per cent in the 
most leucocratic of the granitic rocks to about 15 
per cent in the Sawpitt Diorite. Although there is a 
progressive increase in the content of biotite from the 
acid to the basic end of the series, there are considerable 
variations within individual rock units. Decreases in 
the biotite content are compensated for by a 
corresponding increase in hornblende, so that the total 
amount of biotite plus hornblende is fairly uniform 
within a particular unit. A similar reciprocity 
can be seen in the basic rocks. A hornblende-free 
tonalite contains more biotite than does a hornblende­
bearing diorite with a higher mafic mineral content.
Biotite is an accessory mineral in the gabbros, 
increasing to about 4 per cent in the more plagioclase- 
rich varieties.
Hornblende
Hornblende is usually absent from the more 
leucocratic adamellites, but may develop locally owing 
to contamination by basic inclusions. It increases 
from about 2 per cent in the Hartley Granodiorite to 
up to 15 per cent in the Sawpitt Diorite. In the
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basic rocks, hornblende increases from about 6 per cent 
in the quartz-rich diorites to 22 per cent in the more 
basic diorites. It is absent from the tonalites and 
present in variable amounts in the layered gabbros.
Hornblende, together with clinopyroxene and 
magnetite, makes up the bulk of the hornblendite 
associated with the layered gabbros,
Biotite-Hornblende relationships
In both the granitic and basic rocks, hornblende 
increases relative to biotite from the acid to the 
basic end of the series. This is illustrated in Fig. 
3:8, where quartz is plotted as a third component 
to show the biotite/hornblende relationships in relation 
to the rock composition. It appears from this figure 
that the biotite/hornblende ratio increases more 
rapidly in the basic rocks with increase in the quartz 
content of the rock than it does in the granitic rocks. 
As can be seen from the diagram, three samples require 
particular attention. These have rather high biotite/ 
hornblende ratios for rocks having such low relative 
quartz contents. As discussed previously, these 
particular rock types contain pyroxene in addition to 
hornblende and biotite.
Colour Index
The term colour index is used in the sense defined 
by Shand (19^7)> to include the sum of all the 
ferromagnesian minerals, together with other dense 
phases such as sphene, apatite and zircon. The range
Quartz
C o a x i a t i n g  wl t h \
H o r n b l e n d eB l o t l t e
Figure 3:8 Quartz-biotite-Hornblende relationships.
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in the granitic rocks is from about 2 per cent in the 
Leucocratic Adamellite to about 30 per cent in the 
Sawpitt Diorite. In the basic rocks the colour index 
ranges from 11 per cent in the tonalite to about 38 per 
cent in the most basic gabbro. Some of the gabbros 
have colour indices less than those of diorite, owing 
to the presence of pyroxene in place of hornblende and 
biotite. The colour index of hornblendite is about 
80 per cent. nBecause of the reciprocal relationship between 
biotite and hornblende, the colour index remains uniform 
for individual rock types.
Quartz-Potassium Feldspar-Plagioclase-Colour Index 
relationships
The relationships between these four components 
are illustrated in Fig. 3:9> where the following two 
points are apparent:-
(i) The basic rocks, ranging from tonalite
to gabbro, show a markedly different trend 
from the granitic rocks, in all sections of 
the diagram. The trend of the basic rocks 
is towards enrichment in quartz with no 
corresponding enrichment in potassium 
feldspar as is the case for the granitic 
ro cks.
(ii) The granitic rocks can be subdivided into
two groups. One group, consisting of rocks 
ranging from the Leucocratic Adamellite to 
the Hartley Granodiorite, exhibits regular
Quarti C.l.
Plag l oc l aaa Ort  hoc l a * *
Figure 3:9 Quartz - orthoclase - plagioclase 
colour index relationships.
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linear variation for all components.
The other group, consisting of rocks 
ranging between the Hampton Granodiorite and 
the Sawpitt Diorite, is widely scattered, 
particularly in those parts of the diagram 
involving potassium feldspar.
The variation between these two groups is taken 
as evidence that the granitic rocks may be composed 
of two sub-series, in which the mineralogy, and 
consequently the chemistry, behave in different ways.
Sphene
This mineral is absent from the most acidic rocks, 
but increases throughout the granitic rocks with 
increase in the mafic mineral content. A prominent 
exception to this is the Avondale Orthoclase-Diorite, 
where, as noted previously, sphene is absent.
Sphene is particularly abundant in the basic 
inclusions. In the basic rocks sphene is not as well 
developed. Going from acid to basic, it is absent from 
the tonalite, reaches its maximum abundance in the quartz- 
rich diorites, and is of little importance in the more 
basic diorites and in the gabbros.
Apatite
Because of the small size and the low concentrations 
of apatite in rocks, the actual abundances, estimated by 
modal analysis, are likely to be in error. The 
following discussion is therefore based on impressions 
gained by examining many thin sections of each rock 
type, and upon the phosphorus content of the rocks.
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In the granitic rocks, apatite increases in a 
regular way from the acid to the basic end of the series. 
A characteristic feature of this apatite is that it is 
closely associated with the opaque and ferromagnesian 
minerals and not with quartz or feldspar. The basic 
inclusions within the granitic rocks contain abundant 
apatite which is of two varieties: fine acicular
crystals and much larger stumpy crystals. It is not 
noticeably associated with any particular group of 
minerals, although it does appear to be absent from the 
larger (introduced?) crystals of plagioclase and 
potassium feldspar.
In the basic rocks, apatite is very abundant 
in the diorites and in plagioclase-rich gabbros. It is 
less abundant in the tonalites and the more basic 
gabbros. It exhibits no marked association with any 
particular group of minerals in ^asic rocks.
Opaque Minerals
The opaque minerals consist predominantly of 
magnetite and ilmenite with very minor pyrite in some 
samples. Magnetite and ilmenite coexist in the basic 
members of both the granitic and the basic rock series, 
usually as both granular aggregates and discrete 
crystals. In the more acid rocks of each series only 
magnetite is present.
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Conclusions based on field and petrographic evidence
(i) There is a general correlation between
the composition of the granitic rocks and 
the abundance of basic inclusions within 
them. The tendency is for the more basic 
rocks to contain more inclusions. This 
observation, which is supported by 
quantitative determinations, suggests that 
the composition of the granite may be 
influenced by contamination with basic 
inclusions. Furthermore, the complete 
petrographic gradation between the basic 
inclusions and the host granite, coupled 
with the ubiquitous presence of small 
clusters of ferromagnesian minerals in all 
but the most acid granites, suggests that 
these minerals in the granites have been 
derived from the breakdown of basic 
inclusions. This suggestion gains further 
support from the presence of hornblende in 
both the Redfern and Lett Adamellites, in 
local areas characterised by relatively 
abundant basic inclusions. Throughout most 
of these two adamellites the abundance of 
basic inclusions is low, and hornblende 
is either absent or present in very small 
amount s.
All these observations are consistent with 
a hybrid origin of the granitic rocks.
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(ü)
(iii)
(iv)
At Gibraltar Creek a granodioritic rock 
of undoubted hybrid origin has been 
produced locally in veins, and in association 
with abundant basic inclusions, by the 
contamination of the Redfern Adamellite by 
the Gibraltar Greek Diorite.
Most of the granitic rocks are remarkably 
homogeneous over their entire exposed areas. 
The exceptions to this have presented special 
mapping problems and have probably been 
inadequately investigated by the use of 
conventional mapping techniques. Such 
homogeneity in granitic rocks does not 
support a hypothesis of local hydridism or 
fractionation.
In the basic bodies there is a wide range 
in composition within very small areas.
Such localised variation suggests a local 
origin for these rocks. Furthermore, the 
relative abundances of the various rock 
types, particularly in the Cox’s River 
intrusion where gabbro predominates over 
diorite, and quartz-diorite and tonalite 
are of minor importance, is not inconsistent 
with an origin by fractional crystallisation.
The presence of rhythmic layering in the 
gabbro, together with layers of hornblendite 
similar in mineralogy to the mafic layers 
of the gabbro, suggests that crystal
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fractionation has occurred in these 
rocks. Whether or not the extent of this 
fractionation is sufficient to produce 
the diorites and tonalite is not known.
(vi) The evidence for contamination, so
prevalent in the granitic rocks, cannot 
be found in the basic bodies. Inclusions 
of more basic material have not been 
found in the diorites or the tonalites. 
Furthermore, veins of very fine grained 
diorite in the country rock indicate 
that the diorite was predominantly liquid 
during intrusion and did not contain 
crystal inclusions.
( vii) There is some evidence, from the modal data, 
that there may be more than one series in 
the granitic rocks.
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4__APPLICATION OF CLASSIFICATORY PROCEDURES TO
GRANITE MAPPING
During this study it became apparent that 
geological mapping, particularly the mapping of granitic 
rocks, is largely a subjective procedure, influenced 
by the experience and prejudices of the mapper. It 
was also realised that the techniques of mapping 
granitic rocks, namely the comparison of each outcrop 
with an integrated concept of the properties of all 
other outcrops, followed by subdivision into areas 
of similar rock types, are basically similar to the 
numerical classificatory procedures of cluster and 
discriminatory analysis. Consequently an attempt has 
been made to apply cluster and discriminatory analysis 
to the granitic and basic rocks of the Hartley area, in 
order to supplement the conventional but largely subjective 
approach of field mapping with a quantitive and therefore 
more reproduceable approach.
The problems that are of concern are:-
(i) Can the rock units defined on the basis of 
field mapping be substantiated by an 
alternative numerical approach using 
chemical data?
(ii) Is the apparent homogeneity of many of the
rock units real, or can subtle areal variations 
be detected on the basis of chemical data?
61
(ill) If such chemical variation can be 
identified, what is the nature of this 
variation; is it gradational or can 
discrete sub-groups of uniform 
composition be recognised within a single 
granite mass?
These problems have been approached by Whitten 
and his co-workers (Whitten, 1961; Dawson and Whitten, 
1962; Whitten, 1963; Whitten and Boyer,1964) using 
quantitative data, mainly modal analyses, to study the 
areal variation of granitic rocks by trend surface 
analysis. An alternative procedure, recently discussed 
in detail by the writer (Rhodes, 1969a) applies the 
techniques of cluster and discriminatory analysis 
to the mapping of granitic rocks. The text of this 
paper is reproduced in appendix A, and a computer 
programme used for these studies is listed in appendix
B.
Briefly, the cluster analysis method used consists 
of comparing each sample with every other sample, on the 
basis of the chemical variables, by means of a 
distance coefficient. This coefficient is a measure 
of the Euclidian distance between any pair of samples 
in m-dimensional space, where m is the total number of 
variables used. The smaller the distance coefficient, 
the greater the similarity between samples. Distance 
coefficients for all the N(N - l)/2 possible pairs of 
samples are calculated and the results conveniently 
tabulated in a triangular similarity matrix. This 
matrix is then searched either manually or, more 
usually, by computer, for groups of samples that are
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more similar to each other than they are to other groups 
of samples. The method used in this study, and listed 
in appendix B, is the agglomerative, weighted-pair 
group method which has been described in detail by 
Sokal and Sneath (1953» P*310)• The results of this 
clustering procedure are customarily represented in 
two-dimensional hierarchical diagrams or dendrograms.
Since these diagrams are simplified two-dimensional 
representations of complex multi-dimensional relationships, 
it is inevitable that some distoition of information will 
occur. As a consequence of this, care must be exercised 
in interpreting these diagrams, and a constant reference 
to the original similarity matrix is necessary.
If the groups of samples identified by this method 
of analysis correspond to the granite types identified 
and delineated by field mapping, it follows that 
greater confidence can be placed upon interpretations 
based on field study. Alternatively, any discrepancies 
between the two approaches may throw light on the 
nature of the variation and this can be examined further 
by means of discriminatory analysis as demonstrated by 
Rhodes (1969a), or by trend surface analysis.
In applying these methods to the Hartley rocks 
the methods discussed in detail in appendix A have been 
followed with some modification. The main change is 
with respect to weighting variables. In numerical 
taxonomy where considerable use is made of cluster 
analysis, it is common practice to use a large number 
of variables, preferably uncorrelated, and to give 
equal weight to each variable. In the case of 
geochemical data the variables are rarely uncorrelated 
and therefore the requirements of orthogonality are
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not met. Consequently, if a distance function is 
calculated from the correlated data, the variables are 
in fact being weighted, and the decision whether or 
not to use weighted variables has unwittingly been 
taken. Harris (1953) has shown that this approach 
is equivalent to weighting the variables in 
proportion to the latent root of each principal 
component.
An alternative approach suggested by Jones (1968) 
is to perform first a principal component analysis on 
the raw data (Harman, I96O; Cooley and Lohnes, 1962), 
and to calculate from this the component scores for each 
sample. These scores are then used to calculate distance 
coefficients, except that they are not normalised to 
be of equal weight as has been proposed by Parks (1966). 
The results obtained from this alternative approach are 
almost identical to those using correlated variables, 
since the size of the component scores are a function 
of the latent root for that component. The main 
advantages are that the requirements of orthogonality 
are maintained and it is clear which components and 
variables are being weighted to define the groups. An 
added benefit is that the reduction in the number of 
variables to a small number of components accounting 
for most of the total variance of the system, enables 
the samples to be plotted graphically in terms of the 
component scores, and relationships between the samples 
can then be visualised more easily. In this respect 
the calculation of distance coefficients and the 
graphical representation of the data in terms of 
principal components are almost identical, since if
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only two components were used the distance between two 
samples would be equal to the distance coefficient.
In practice, however, it is usually necessary to 
represent the data in terms of at least three or four 
component s.
The Granitic Rocks
The analytical data for the forty five granitic 
rock samples are given in Table Altogether thirty
three variables have been used in the clustering 
programmes, including the major elements (with the 
exception of water and carbon dioxide) and all the 
trace elements with the exception of uranium. This 
element has been omitted because information on uranium 
is not available for all samples. Also included 
amongst the varaibles are the total iron content, density 
and K/Rb ratios.
A principal component analysis of this data 
indicated that four components were sufficient to 
account for over 84 per cent of the total variance.
This is exceptionally high when compared with most 
principal component analyses of psychological and 
taxonomic data. The first component accounts for over 
61 per cent of the total variance. The second, third 
and fourth components account for 11, 7 and 4 per cent
of the total variance respectively. Component 
scores, derived by multiplying the standardised data 
(each variable is standardised to have a mean of zero 
and variance of one) by the component loadings 
obtained from the component analysis. The component 
scores for each sample are listed in Table 4:1.
T a b l e  4 : 1  C o m p o n e n t  S c o r e s  f o r  t h e  G r a n i t i c  R o c k s .
S a m p l e C o m p o n e n t S c o r e s S a m p le C o m p o n e n t S c o r e e
1 2 3 4 1 2 3 4
6 7 - 9 1 2 - 0 . 6 1 1 3 . 5 2 6 - I . 7 1 4 40 1 . 5 2 7 - 0 . 0 0 8 0 . 6 5 3 - 0 . 0 3 1
42 8 . 4 3 3 - 3 . 6 1 8 1 . 7 6 2 - 0 . 7 4 6 26 1 - 1 3 5 - 0 . 6 7 0 0 . 6 3 7 - O . 3 1 5
16 7 - 8 7 9 - 2 . 2 9 8 0 . 0 5 4 - O . 9 1 2 71 0 . 5 4 9 - 0 . 7 9 4 1 . 2 0 0 1 - 3 3 5
61 6 - 3 1 3 - 0 . 0 8 4 0 . 3 1 3 - 0 . 1 9 6 106 - 1 . 4 3 3 0 . 7 6 5 - 0 . 3 1 3 0 . 3 2 4
41 5 - 3 6 3 0 . 5 3 5 1 . 0 9 0 1 . 1 0 9 102 0 . 9 2 7 - 2 - 6 5 3 - 2 . 2 0 0 - O . 1 9 9
13 4 - 7 4 1 0 . 6 6 6 - 0 . 8 5 3 - I . 0 6 5 1 00 0 . 8 1 0 - I . 6 5 I - 3 - 3 5 6 4 . 2 8 8
62 3 - 4 3 4 1 . 9 4 0 1 . 0 3 4 0 . 8 3 6 82 0 . 5 5 8 - 1 . 6 3 5 - 1 . 8 4 2 0 . 1 0 0
93 1 - 9 7 4 1 - 3 9 6 - 4 . 2 0 9 - 3 - 2 3 3 68 - 1 - 3 7 9 - 2 . 6 9 3 - 0 . 9 3 3 - O . 7 2 I
85 7 - 1 8 8 - 0 . 6 7 8 1 . 8 8 9 - 1 . 6 3 6 84 - 2 . 4 1 7 - I . 7 0 1 - 0 . 2 5 6 - 0 . 0 2 8
72 2 - 5 8 4 1 - 7 7 9 0 . 6 1 8 0 . 7 9 9 67 - I . 7 2 9 - 2 . 0 3 3 - 1 - 3 0 5 0 . 6 4 2
1 1 . 8 1 4 2 . 9 4 7 0 . 7 2 0 1 . 0 8 2 65 - 1 . 8 5 1 - 2 . 0 0 7 - O . 7 5 9 1 . 1 1 9
34 2 . 1 7 0 2 . 3 8 6 - 0 . 1 7 3 0 . 3 6 3 103 - 2 . 0 6 5 - I . 7 2 2 - 1 . 9 4 4 - 0 . 4 2 5
76 2 - 5 6 8 4 . 5 9 6 - 0 . 6 2 6 - 0 . 6 8 0 81 - 2 . 7 9 2 - 1 . 2 3 8 - I . 2 7 I - 0 . 6 8 7
6 0 2 . 7 6 8 - 0 . 2 8 8 0 - 5 2 3 0 . 9 1 6 83 - 1 - 5 9 5 - 1 . 2 3 3 - 0 . 6 1 1 - 0 . 1 0 0
111 1 . 0 8 8 0 . 7 6 6 - I . 9 7 2 - 0 . 4 8 4 59 - 3 . 4 8 9 - 1 . 6 9 2 - O . 0 5 2 1 . 0 1 2
1 0 1 1 - 1 5 5 4 . 8 5 0 - 2 . 9 1 2 - 1 . 1 0 6 77 - 4 . 8 1 3 - 1 . 0 2 7 0 . 4 2 4 - 1 . 3 3 6
74 2 . 1 5 7 2 . 6 3 4 - 1 . 1 1 7 0 . 9 1 9 57 - 8 . 2 9 5 - I . 8 0 9 1 . 1 7 0 - 1 . 1 5 5
70 0 . 1 1 3 - 1 . 0 9 5 1 . 1 9 8 1 . 4 4 6 58 - 7 - 4 4 3 1 - 7 8 7 1 - 5 9 3 - 1 . 0 4 7
5 - O . 3 7 7 - 0 . 1 1 5 0 . 6 8 7 0 . 1 7 1 3 - 8 . 1 0 2 0 . 7 9 3 1 . 9 2 2 - 0 . 9 4 7
44 - 0 . 4 0 2 1 . 6 7 1 0 . 7 0 8 0 .  8 45 107 - 7 - 7 5 9 - 0 . 8 1 7 - O . 7 I 2 - 1 - 5 2 7
89 - 0 . 7 9 0 1 - 7 3 6 0 . 8 8 1 0 . 6 5 0 79 - 9 . 0 2 5 - 0 . 1 5 8 1 - 7 5 4 - 0 . 4 3 6
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The component scores have been used to calculate 
the distance coefficients which are presented in a 
triangular similarity matrix in Table 4:2. The results 
of clustering these coefficients using the weighted- 
pair group method are illustrated in a dendrogram in 
Fig. 4:1. In this diagram the order of samples is so 
arranged as to enable the dendrogram to be constructed 
with maximum visual simplicity. As a result of this, 
some samples are placed outside the natural groupings 
based on field mapping, and the diagnostic symbols 
of the various rock types have been combined with the 
sample numbers to indicate these discrepancies.
Unfortunately dendrograms are frequently an 
unsatisfactory way of representing relationships 
(Rohlf, 1968), and many of the discrepancies between 
the dendrogram of Fig. 4:1 and the granite subdivisions 
based on field mapping are not real, but a consequence 
of distortions in the dendrogram. In an attempt to 
overcome this problem, Fig. 4:2 has been prepared to 
illustrate the relationships between the samples in a 
space determined by the first three principal components. 
In this diagram the component scores listed in Table 
4:1 are plotted with respect to the first three principal 
component axes. The spatial relationships between the 
samples are less distorted than in the corresponding 
dendrogram and can be more easily visualised. Even 
so, one is still restricted to several two-dimensional 
representat ions.
This problem, namely that of representing the 
results of cluster and component analysis in an easily
T a b l e * :2 S i m i l a r i t y  m a t r i x f o r  g r a n i t i c r o c k s f r o m the H a r t l e y A r e a ( s i m i l a r i t y  N a t r i x  'u s i n g  'r u x u n o m i c  ills taiicv )
b *2 lt* b l *1 13 4,2 93 H5 72 1 34 76 60 111 101 74 70 5
44 89 43 33 4o 26 71 106 102 100 82 68 84 07 65 103 81 83 59 77 37 5» 3 107 79
b
42
0 .0
O.IM 0 . 0
lb 0 .2 0 0 .1 1 0 . 0
».1 0 .2 0 0 .2 2 0 .1 * 0 .0
*1 0 .2 3 0 .2 » 0 .2 2 0 .0 9 0 . 0
13 0 .2 » 0 .3 1 0 .2 2 0 .1 1 0 .1 5 0 . 0
b  2 0 .3 1 0 .3 « 0 .3 2 0 .1 9 0 .1 2 O .lb 0 . 0
•13 0 .3 0 0 .5 2 O. *2
o . > . 0 .3 » 0 .2 5 0 .3 * 0 .0
H5 0 .0 9 0 .1 7 0 .1 3 0 .1 2 o . l » 0 .2 0 0 .24 , 0 .4 2 0 . 0
7* 0 .3 5 o . * i 0 .3 5 0 .2 1 0 .1 5 0 .1 7 0 .0 5 0 .3 2 0 .2 9 0 .0
1 o . k o O .* » o . * i 0 .2 » 0 .2 2 0 .2 3 0 .1 0 0 .3 * 0 .3 6 0 .0 7 0 .0
3* 0 .3 9 o .* 5 0 .3 7 0 .2 * 0 .2 0 0 .1 7 0 .0 9 0 .2 7 0 .3 3 0 .0 6 0 .0 7 0 . 0
7*» o .* 3 0 .5 2 O .* * 0 .3 0 0 .2 » 0 .2 3 0 .1 » 0 .2 7 0 .3 8 0 .1 7 0 .1 4 0 .1 3 0 .0
HO 0 .3 3 0 .3 * 0 .2 9 0 .1 9 0 .1 * O .lb 0 .1 2 0 .3 3 0 .2 b 0 .1 0 0 .1 7 0 .1 4 0 .2 6 0 . 0
i l l o . l ; 0 .* 7 O .3 9 0 .2 9 0 .2 7 0 .1 9 0 .2 1 0 .1 9 0 .3 7 0 .1 7 0 .1 9 0 .1 4 0 .2 2 0 .1 7 0 . 0
IUI 0 .5 * o . b l 0 .5 1 0 .3 9 0 .3 » 0 .2 9 0 .2 9 0 .2 2 0 .4 » 0.2« , 0 .2 3 0 .2 0 0 .1 4 0 .3 4 0 .2 1 0 . 0
7% 0 .4 2 o .* 7 0 .3 9 0.2« , 0 .2 2 0 .1 9 0 .1 3 0 .2 7 0 .3 « , 0 .1 0 0 .1 0 0 .0 6 0 .1 3 0 .1 7 o . l 4 0 .1 8 0 . 0
70 0 .4 4 o .* 5 o . * i 0 .3 3 0 .2 » 0 .3 0 0 .2 3 0 .3 9 0 .3 9 0 . 1«) 0 .2 2 0 .2 2 0 .3 4 0 .1 5 0 .2 1 0 .3 9 0 .2 4 0 .0
5 0 .4 5 0 .* » o .* 3 0 .3 * 0 .2 9 0 .2 8 0 .2 2 0 .3 3 0 .3 9 0 .1 8 0 .1 9 0 .1 8 0 .2 9 0 .1 6 0 .1 6 0 .3 2 0 .2 1 0 .0 9 0 .0
K K o .* 7 0 .5 2 o .* 7 0 .3 5 0 .2 9 0 .2 9 0 .1 9 0 .3 * 0 .4 2 0 .1 5 0 .1 3 0 .1 4 0 .2 3 0 .1 9 0 .1 7 0 .2 7 0 .1 6 0 .1 5 0 .1 0 0 . 0
*9 0 .4 » 0 .5 * 0 .* 9 0 .3 7 0 .3 1 0 .3 1 0 .2 1 0 .3 5 0 .4 4 0 .1 7 0 .1 5 0 .1 6 0 .2 4 0 .2 1 0 .1 9 0 .2 8 0 .1 8 0 .1 5 0 .1 0 0 .0 2 0 .0
*•3 o .* 5 0 .* 9 O .* * 0 .3 3 0 .2 » 0 .2 7 0 .1 9 0 .3 4 0 .3 9 0 .1 5 0 .1 5 0 .1 5 0.2<> 0 .1 6 0 .1 6 0 .3 0 0 .1 8 0 .1 0 0 .0 5 0 .0 5 0 .0 6 0 .0
33 o .* o o .* 3 0 .3 » 0 .2 » 0 .2 2 0 .2 4 O .lb 0 .3 5 0 .3 4 0 .1 2 0 .1 5 0 .1 5 0 .2 7 0 .0 9 0 .1 7 0 .3 3 0 .1 8 0 .0 7 0 .0 8 0 .1 1 0 .1 2 0 .0 7 0 . 0
4o o  .> » o .* o 0 .3 * 0 .2 * 0 .2 0 0 .1 9 0 .1 4 0 .3 0 0 .3 0 0 .1 1 0 .1 6 0 .1 3 0 .2 5 0 .0 8 0 .1 4 0 .3 1 0 .1 7 0 .1 2 0 .1 0 0 .1 4 0 .1 5 0 .1 0 0 .0 6 0 .0
2b 0 .3 7 o .* o 0 .3 5 0 .2 b 0 .2 3 0 .2 1 0 .1 8 0 .3 0 0 .3 2 0 .1 5 0 .2 0 0 .1 7 0 .2 8 0 .1 0 0 .1 5 0 .3 3 0 .2 0 0 .1 1 0 .0 8 0 .1 5 0 .1 6 0 .1 1 0 .0 8 0 .0 4 0 . 0
71 0 .* 2 o .* 3 0 .3 9 0 .3 0 0 .2 5 0 .2 7 0 .2 0 0 .3 8 0 .3 7 0 .1 7 0 .2 0 0 .2 0 0 .3 2 0 .1 2 0 .2 0 0 .3 7 0 .2 2 0 .0 3 0 .0 9 0 .  l 4 0 .1 5 0 .0 9 0 .0 5 0 .1 0 0 .0 9 0 . 0
lOt. 0 .5 2 0 .5 5 0 .* 9 0 .3 9 0 .3 5 0 .3 2 0 .2 4 , 0 .3 2 0 .4« , 0 .2 1 0 .2 1 0 .2 0 0 .2 8 0 .2 2 0 .1 6 0 .2 8 0 .2 1 0 .1 5 0 .0 9 0 .0 9 0 .0 8 0 .0 9 0 .1 5 0 .1 6 0 .1 6 0 .1 6 0 .0
102 o .* 7 o .* 3 0 .3 7 0 .3 2 0 .3 3 0 .2 7 0 .3 1 0 .2 8 0 .3 9 0 .2 8 0 .3 3 0 .2 8 0 .3 8 0 .2 1 0 .1 7 0 .3 8 0 .2 8 0 .2 1 0 .2 0 0 .2 7 0 .2 8 0 .2 3 0 .2 2 0 .2 0 0 .1 7 0 .2 1 0 .2 3 0 . 0
lo o o .5 » 0 .5 3 o .* 7 o . * i 0 .3 7 0 .3 7 0 .3 4 , 0 .4 1 0 .5 1 0 .3 3 0 .3 5 0 .3 3 0 .4 3 0 .2 8 0 .2 8 0 .4 2 0 .3 0 0 .2 7 0 .3 0 0 .3 2 0 .3 4 0 .3 0 0 .2 8 0 .3 1 0 .3 1 0 .2 8 0 .3 0 0 .2 4 0 .0
M2 o .* 7 0 .* 5 0 .3 « 0 .3 2 0 .3 1 0 .2 5 0 .2 7 0 .24 , 0 .3 9 0 .2 4 0 .2 7 0 .2 3 0 .3 4 0 .1 8 0 .1 3 0 .3 4 0 .2 3 0 .1 7 0 .1 5 0 .2 2 0 .2 3 0 .1 8 0 .1 7 0 .1 6 0 .1 4 0 .1 7 0 .1 7 0 .0 6 0 .2 2 0 . 0
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visualised form, appears to be one of the main difficulties 
in applying these techniques. Some progress in this 
direction may be possible using stereographic diagrams 
as has recently been suggested by Fraser and Kovats 
(1966) and Rohlf (1968). The writer is at present 
experimenting with this approach, but as yet results 
are not in a satisfactory state to be included in this 
thesis.
The inter-relationships between the rock types 
can be discussed using all three forms of presentation, 
the similarity matrix, the dendrogram and the principal 
component diagram.
Most of the samples of the Leucocratic and Biotite 
Adamellites form a single, reasonably well defined 
cluster both on the dendrogram and on the principal 
component diagram. The two exceptions to this are 
samples 62 and 93* Texturally both these samples are 
medium grained biotite adamellites, but it is clear 
from the two diagrams and from the similarity matrix 
that they are chemically similar to the porphyritic 
Redfern and Lett Adamellites, despite the difference 
in grain size. Similarly, it is also clear that sample 
85> which is coarse grained and strongly porphyritic, 
is chemically associated with the Leucocratic and 
Biotite Adamellites rather than with the Lett 
Adamellite. The problems of mapping boundaries between 
the Lett and Biotite Adamellites has already been 
mentioned in the preceding petrography section, and it 
is hardly surprising that discrepancies occur.
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The remaining Redfern and Lett Adamellites 
form a fairly distinct, but broad group of samples, 
particularly when considered in three-dimensional 
terms in Fig. 4:2. Although the Redfern and Lett 
Adamellites are separate intrusions several miles 
apart, they form a homogeneous group and there is no 
evidence to suggest that they are in any way chemically 
dissimilar. In the dendrogram sample 60 appears to 
cluster with the Hartley Granodiorite rather than 
with the Redfern and Lett Adamellites. This tendency 
is not supported in the principal component diagram, 
and from the similarity matrix it is evident that 
sample 60 is intermediate between some samples from 
both rock types.
The Hartley granodiorite forms a well defined 
cluster in the dendrogram, which appears to be made up 
of two sub-clusters. This is also apparent from the 
principal component diagram, samples 70 and 71 being 
Intermediate between the two sub-clusters. In a 
previous investigation of the Hartley Granodiorite 
Rhodes (1969a)(appendix A) found a similar dichotomy 
using a smaller number of variables. As a check, the 
nine granodiorite samples were re-clustered separately 
and it was confirmed that the samples fell into two 
sub-clusters. This process has been repeated using all 
33 variables now available and the results were found 
to be essentially the same. Five samples from the 
western end of the mass form one cluster and are 
slightly more basic than the remaining four samples 
from the eastern end of the granodiorite. Sample 106, 
which was collected from a separate mass at the 
northern end of the map area and identified as
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Figure 4:3 Dendrogram for the Hartley Granodiorite.
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Hartley Granodiorite on field evidence, clusters most 
strongly with more basic samples from the western end 
of the Granodiorite. The result of this more recent 
clustering using many more variables is shown in Fig.
4:3 and may be compared with Fig. 4 of appendix A.
From this information it is evident that the 
Hartley Granodiorite, originally mapped as a single 
homogeneous unit, may be either randomly inhomogeneous 
or may consist of two granite groups, having either 
sharp or gradational boundaries. Since no signs of 
this inhomogeneity could be recognised in the field 
or under the miscroscope, even after re-examination, 
Rhodes (1969a) attempted to resolve these problems by 
analysing for major elements a further 23 systematically 
collected samples. The aim was to use a discriminant 
function, calculated from the nine initial samples, 
to classify all the samples into either of the two 
groups. The strongly bi-modal nature of the 
discriminatory values calculated for all 32 samples 
was used by Rhodes as confirming evidence of the 
presence of two distinct sub-groups in the Hartley 
Granodiorite. These discriminant values were then 
used to define a boundary between the two rock 
types. From this it was found that although the 
results were not simple, each rock type occurred in 
discrete areas; and also that it was unlikely that 
the boundary between them was gradational over any 
great distance. Full details illustrating the 
methods used in this analysis and the results 
derived from it are included in appendix A.
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In the dendrogram (Fig. 4:l), the relationships 
between the three samples of the Hampton Granodiorite 
(82, 100, 102) and the other rocks are not clear.
However, from the similarity matrix and the principal 
component diagram it is seen that they form a fairly 
distinct group showing almost equal similarities with 
the Redfern and Lett Adamellites, the Hartley 
Granodiorite and the Lowther Creek Granodiorite. When 
all three components are considered (Fig. 4:2) it is 
seen that the Hampton Granodiorite can be distinguished 
from these other rock types, although this is not 
readily apparent when only two components are considered 
at once. It is in instances such as these that 
stereographic diagrams would be of most use.
The Lowther Creek Granodiorite forms a well 
defined cluster by all three methods. There is no 
indication of inhomogeneity, nor is there any suggestion 
of overlap with any other rock type. This is all the 
more remarkable since these samples are taken from 
three separate masses of this particular intrusion 
some distance apart. Clearly the Lowther Creek 
Granodiorite is homogeneous over a very wide area.
The Avondale Orthoclase-Diorite and Sawpitt 
Diorite are entirely different from the preceding 
example. In the field it was considered that a 
boundary between the two rock types could be recognised. 
It was also recognised that the orthoclase-diorite was 
more leucocratic along its northern margins, although 
a boundary could not be located, nor could gradational 
changes be identified. From the dendrogram, 
principal component diagram and similarity matrix, it
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is evident that the two samples from the northern 
margin of the Avondale Orthoclase-Diorite, although 
similar to each other, are clearly distinct from the 
rest of the orthoclase-diorite samples, being more 
similar to the Lowther Creek Granodiorite than they are 
to the Avondale Orthoclase-Diorite. Furthermore, it 
is also clear that individual samples from the 
orthoclase-diorite and the Sawpitt Diorite (e.g. 107 and 
57) are more similar to each other than they are to 
other samples from the same rock unit. Therefore 
the relationships between these two rock units, 
identified on a field basis, are not at all clear from 
a chemical point of view.
It is intended to investigate these relationships 
further, immediately on completion of this thesis, by 
systematically collecting more samples from these two 
rock types and assessing quantitatively their areal 
variability, in a manner similar to that used for the 
Hartley Granodiorite.
The Basic Rocks
Chemical analyses for the basic rocks are given 
in Table Only 18 samples have been investiagated
since insufficient information is available for the 
remaining two samples. Because of incomplete data, 
only 23 variables have been used in the analysis in 
this example. They include the major elements, total 
iron, density and the K/Rb ratio as well as the trace 
elements Rb, Sr, Pb, Th, Zr, Nb, Y, V and Ga.
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A principal component analysis of this data 
showed that 86 per cent of the variance could be 
accounted for by only four components. The first 
component accounts for 47 per cent of the variance and 
the remaining second, third and fourth components 
contribute a further 23» 11 and 3 per cent of the total
variance respectively. Component scores for the gabbros, 
diorites and tonalites are listed in Table 4:3* These 
scores have been used to calculate a similarity matrix 
(Table 4:4) and three of the four components are plotted 
in two graphs in Fig. 4:4. The similarity matrix has 
been clustered in the usual way to give the dendrogram
of Fig. 4:3*
In this case there is little distortion in the 
dendrogram and there is close agreement between all 
three sources of information. In the dendrogram there 
is a clear division into two groups, one group 
corresponding to those samples mapped as diorite and 
tonalite, and the other group to those samples mapped 
as gabbro. Sample 103» the hornblendite, is distinct 
from these two groups. These same relationships are 
apparent in terms of the first three principal 
components in Fig. 4:4.
A further feature of the dendrogram is the 
separation of the diorite group into two sub-groups, 
one group being made up of the quartz-rich diorites 
from the eastern side of the Cox's River intrusion and 
the tonalites, and the other group consisting of the 
normal diorites. This sub-grouping is not as clear 
in the principal component diagram, although the 
tendency is present.
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Figure 4:5 Dendrogram for the basic-rocks.
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From this analysis, then, it can be concluded 
that there is good agreement between the field mapping 
of the basic rocks and the results of cluster analysis. 
This is as it should be since it will be remembereed 
that the boundary between the main rock types in the 
basic bodies was determined by the density of the rocks, 
which in turn is closely related to the rock chemistry.
Conclusion
It has been demonstrated that, with the 
exception of a few individual samples and two rock 
units, most rock types identified and mapped in the 
field are supported by a quantitative classificatory 
study based on chemical data. Furthermore, it can be 
stated that most rock units are either homogeneous 
over large areas, or are randomly heterogeneous 
within narrow limits, and do not exhibit systematic 
variation.
Particularly outstanding in this respect is the 
Lowther Creek Granodiorite, which is remarkably 
uniform over a wide area, and also the Redfern and 
Lett Adamellites, which, although more heterogeneous 
than many other rock types, are notably similar to 
each other despite the fact that they occur as 
separate intrusions and are thought to have been 
emplaced at different times.
The Hartley Granodiorite is a conspicuous 
exception to the generalisation on homogeneity. By 
carefully applying cluster and discriminatory 
analysis it has been possible to demonstrate the
existence of two subtly distinct rock types within 
what was believed on the basis of field evidence to 
be a single homogeneous rock unit.
In the cases of the Avondale Orthoclase-Diorite 
and the Sawpitt Diorite, field mapping has proved to 
be totally inadequate despite careful re-examination 
of the area. Consequently, an attempt will be made 
to re-map these units using quantitative data obtained 
from systematically collected samples.
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5 CHEMISTRY OF ROCKS
SAMPLE PREPARATION AND ANALYTICAL METHODS
About 10 - 15 kg. of rock was collected from 
each sample locality, and of this about 1 to 2 kg. was 
broken into small ’nut’ sized fragments using a 
hydraulic rock splitter. These fragments were then 
crushed to coarse sand size by grinding for a few 
seconds in a tungsten carbide Siebtechnik swing 
mill. The amount was then reduced to about 200 g. 
by successive splitting and this was ground in a 
mechanical agate pestle and mortar until fine enough 
to passthrough -I50 mesh nylon sieving cloth. This 
material was then used for all analytical work, with 
the exception that a further 10 g. was crushed in a 
tungsten carbide ball mill for trace element 
determination.
Contamination introduced by this sample 
preparation procedure is restricted to tungsten and 
cobalt from the tungsten carbide mills and silicon 
from the agate pestle and mortar.
With the exception of sodium, ferrous iron, 
combined water, hygroscopic water and carbon dioxide, 
all elements were determined by X-ray fluorescence 
spectrography.
The major elements (Si, Ti, Al, Total Fe, Mg,
Mn, Ca, K, P) were measured on glass discs prepared 
by fusing the sample with lithium borate to which 
lanthanum had been added. Fusion, together with the
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addition of lanthanum, eliminates grainsize effects 
and reduces matrix effects, the latter being further 
corrected for by the application of matrix correction 
coefficients. This method has been described by 
Norrish and Chappell (1967) and in greater detail by 
Norrish and Hutton (1969)*
The trace elements (including Mn which was 
determined as a trace element as well as as a major 
element) were measured on pelletised powdered samples, 
and mass absorption coefficients were measured directly 
(Sweatman et a l ., 1963» Norrish and Chappell, 1967)*
For the trace elements studied in this thesis only four 
absorption coefficients need to be measured, the 
rubidium and strontium absorption coefficients for short 
wavelength radiation, and the iron and zinc mass 
absorption coefficients for long wave-length radiation. 
All the other absorption coefficients can be adequately 
obtained by interpolation from these four. The 
undiluted rock powder is used for measuring the rubidium 
and strontium absorption coefficients, but a cellulose 
diluent is used for the iron and zinc coefficients in 
order to obtain satisfactory counting rates. A general 
purpose computer programme, designed to calculate both 
diluted and undiluted mass absorption coefficients is 
listed in appendix C.
The advantage of these techniques is that matrix 
and interference effects can be calculated directly 
and the samples calibrated against primary synthetic 
standards, thus removing the uncertainties introduced 
by using the recommended or preferred values of
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natural rock and mineral standards. The fact that 
high precision and accuracy can be obtained using 
these methods is evidenced by the results presented in 
several recent publications dealing with the determination 
of both major and trace elements by X-ray fluorescence 
spectrography (Norrish and Chappell,1967> Norrish and 
Hutton, 1969; Compston et al. , 1969; Chappell et al.,
1969)•
All analyses were made in duplicate on separately 
prepared glass discs or powder pellets and the results 
averaged. A summary of operating conditions is 
presented in Table 5 :1, together with an estimate of 
the precision and the lower limit of detection for 
each element. The precision is expressed as the 
standard error of the mean of duplicate determinations 
at the 3o level, and the theoretical lower limit of 
detection has been obtained from the relationship 
given in Norrish and Chappell (1967):-
Lower limit of detection =
where m is the number of counts per second per unit of 
concentration, Cb is the background count rate and Tb 
is the background counting time.
A variety of analytical techniques have been 
used for the other variables:-
Sodium was determined by flame photometry, using 
a Baird double-beam flame photometer and lithium as 
an internal standard. The method is essentially that 
given by Cooper (1963)*
X
-r
a
y
H
H
00 VO H  
n  c\i co
O  m - 3 -  H  00 4  On i n
w m c i v o ^ t c v i H O N C j
o 6  o o 6 6  6  ö 6 H  H  O M N Ö
m  O  m  oo o o o
o o o ö ö o o ö ö H Ö H H O  H  Ö
U* (x< Cm (n (n Cn (/)
O O O 0 O
O O U U O
? ? ? 2 ? S 2 ?  9 ? 2 ?  2 2
H H H ai o an
Udbdbdt e J t dbdt t Mbd
C 3 C 3 0 t 3 d t 5 0 t )
O O O to llß O 3 
X X  X  *t <  X <
u u u u 
o o  u o
d 3  3  3  3  O
«* <  -tj -t* < S
<vj N  O  O  
O O W Ci o o o
QJ3 <4 eg■r* H V C
H ◄ &« £
(4 0  t, o u o
CP 05 (/) Q. N  S5
^  d o  -H d  d <fl
U * U 55 U N O
V) o
ro in
-Tf
H 6
77
Ferrous iron was obtained by dissolving the 
sample in hydrofluoric acid in the presence of excess 
ammonium metavanadate. The excess remaining vanadic 
ion is titrated against B.D.H. standard ceric sulphate 
solution. Ferric iron is obtained from the difference 
between the ferrous iron content and the total iron 
content obtained by y =ray spectrography.
Combined water and carbon dioxide are determined 
by heating the sample in a tube furnace for two 
hours at 1200°C in a stream of dry, CO^ - free oxygen. 
Oxygen rather than nitrogen is used in an attempt to 
avoid the dissociation of the water brought about by 
redox reactions in the sample. The water and carbon 
dioxide given off are collected in micro-absorption 
tubes filled with phosphorus pentoxide and "carbosorb" 
soda asbestos.
Hygroscopic water was obtained by determining 
the loss in weight of a sample after heating for two 
hours at a temperature of 110°C.
Thorium and uranium were determined on most 
samples by Dr K.S. Heier of the Australian National 
University by X-ray spectrography using °T
powdered sample. Thorium was measured by X-ray 
spec trography on some of the samples. Analyses of 
several samples by both methods gave results 
agreeing to within 2 p.p.m.
FeO
O l h r . l U r  C r # . h  
0 l«rIt*
Figure 5;i Mf a diagram for the Hartley rocks.
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GENERAL ASPECTS OF CHEMISTRY
Chemical analyses, including both major and trace 
elements, of forty five granitic rocks and five basic 
inclusions are presented in Table 3:2 and CIPW norms 
for these rocks are listed in Table 5^3» The analyses 
in these tables are listed according to different rock 
types and are arranged in order of decreasing silica 
content, both between and within the rock types.
Analyses of sixteen basic rocks from the Cox’s River 
and Moyne Farm intrusions are given in Table 
and their corresponding CIPW norms in Table 3 :3* These 
analyses are arranged in order of increasing silica 
content both between and within the different rock 
types. Presentation of three analyses from the 
Gibraltar Creek Diorite intrusion is deferred until 
later in this section.
Both the granitic and associated basic rocks 
are typically calc-alkaline with alkali-lime indices 
(Peacock, 1931) of 59*3 and 61.5 respectively. The 
calc-alkaline nature of these rocks is further 
illustrated by the MEA diagram (Fig. 3 • l)• In these 
diagrams calc-alkaline rocks are characterised by a 
straight line relationship extending from the MgO-FeO 
side towards the alkali apex. This straight line 
relationship is extremely well developed in the 
Hartley rocks. There is no suggestion of the slight 
iron enrichment which can be found in some volcanic 
calc-alkaline series. Both the granitic and basic rocks 
plot on the same trend and overlap in composition.
There is no suggestion of a compositional hiatus as 
has been demonstrated by Hall (1967a) between the
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Table 5:2 (cont.)
Hampton Granodiorite
102 100 82
Si°2 69-37 69.21 69.08
Ti°2 0.36 0.39 0.4l
A12°3 14.48 14.68 14.83
Fe2°3 1.07 1.21 I .31
FeO 1.69 1.65 1.69
MnO 0.07 0.08 0.06
MgO 1.26 1.27 1.47
CaO 2.84 3.11 2.87
Na20 3.15 3.30 3-26
K2° 3-93 3.44 3.60
P2°5 0.12 0.12 O .13
h 2o + 1.20 0.97 0.85
h 2o - 0.15 o.i4 0.13
C°2 0.31 0.18 O .17
To tal 100.00 99.75 99.86
Density 2.66 2.67 2.67
Trace Elements (p.p.m.)
Ba 859 803 974
Rb 137 148 130
Sr 532 533 549
Pb 12 12 19
Th 25.5 11.1 14.5
U - - 1.8
Z r 95 103 107
Nb 8 9 11
Y 11 11 ‘10
La 17 63 25
Ce 44 48 46
Pr 3 n . d . 5
Nd 13 15 12
V 47 49 48
Cr 20 21 14
Mn 437 556 456
Ni 4 4 5
Cu 7 2 n.d.
Zn 41 48 46
Ga 16 15 16
K/Rb 238 193 230
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granitic rocks of the Ardara pluton and the associated 
appinites. The Gibraltar Greek Diorite lies off this 
trend and must therefore be considered separately 
from the other rocks.
Coats (1968) has used the MFA diagram to calculate 
the * ferro-femic1 index, which is a measure of the 
degree of iron enrichment in a particular calc-alkaline 
series. The Hartley rocks have a ferro-femic index of 
62, which is closely similar to the ferro-femic index 
of 65 for Daly’s average calc-alkaline rocks. It is 
slightly higher than that for the Garabal Hills - Glen 
Fyne complex (58) and lower than that for the Southern 
California batholith (68).
In general the basic members of a calc-alkaline 
association have a high Al^O^ content of about 17 per 
cent. The gabbroic rocks from the Hartley area contain 
abundant aluminium, averaging 20.63 % Al^O^. Strictly 
speaking these rocks do not correspond to the high- 
alumina basalts of Kuno (i960) since their total alkali 
content is slightly below that required to plot into 
the field of high-alumina basalts.
The most acid rocks in the area (i.e. those
containing more than 80 per cent normative quartz +
orthoclase + albite) are very similar in composition
/ 2to the ternary minima at 500 — 1000 kg/cm in the
synthetic system NaAlSi 0o - KAlSio0o - Si0o - H OJ o  J 8 2
(Tuttle and Bowen, 1958), Fig. 5:33®
Abundance data, including the means, variances 
and standard deviations of all variables, are given 
for each of the major rock types in Table 5:6. In
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compiling; this table, three samples from the Lett and 
Biotite Adamellites have been re-grouped on the 
evidence presented in the previous chapter, and have 
been included -with the rock types with which they are 
most similar. This is justified by the difficulty 
experienced during field mapping in locating adequate 
boundaries between these two rock types. Similar 
mapping problems were also encountered with the 
Avondale Orthoclase-Diorite and the Sawpitt Diorite, 
but no attempt has been made to re-arrange the analyses 
because on the information available they cannot be 
shown to be chemically distinct. A further feature 
of Table ^:6 is that the Hartley Granodiorite is 
subdivided into the two units identified by cluster 
and discriminatory analysis in order to illustrate 
the subtle difference in their chemical compositions.
The variance values reported in Table 5:6 are the 
total variances for each element, and include 
contributions from the analytical variance and the 
sampling variance as well as large scale regional 
variance. Unfortunately the sampling and analytical 
schemes adopted in this study do not enable the 
components of the total variance to be established, 
but a few generalisations are possible. From the 
precision values given in Table 5zl it can be estimated 
that in the more homogeneous rocks, the analytical 
variance may account for about 15 — 20 per cent of 
the total variance, whereas in the more heterogeneous 
rock types the contribution of the analytical 
variance is less than 3 per cent. In a detailed 
investigation designed to assess the sampling problems 
associated with studying granitic rocks, Baird et. al.
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(1967) were able to show that small scale variance, 
including both within outcrop and within sub-area 
variances, accounted for a large proportion of the 
total variance and was more important than the large 
scale variance for many elements. It seems probable 
that this is also the case for the Hartley rocks, 
since samples collected several miles apart from the 
same rock unit are remarkably similar in composition.
This homogeneity in many of the granitic rocks 
has been discussed in the preceding chapter and is 
illustrated by the low variance values for most 
elements, particularly in those rocks established as 
distinct units by both field mapping and classificatory 
procedures. Those rock units that appear to have been 
inadequately mapped, such as the Avondale Orthoclase- 
Diorite/Sawpitt Diorite pair and the Leucocratic and 
Biotite Adamellites, have considerably greater major 
element variance values than the other granites. 
Surprisingly, there does not appear to be a 
corresponding difference in the variance values for 
most of the trace elements.
The diorite and gabbro from the basic intrusions 
are exceptions to the above generalisation; both have 
been adequately defined by field and classificatory 
methods, yet the variance values for the major elements 
and many of the trace elements in these rocks are 
considerably larger than those for the granitic rocks, 
including those that have been inadequately defined.
The highly variable nature of basic rocks associated 
with granite batholiths appears to be a characteristic 
feature and is illustrated by the ‘accumulative rocks’
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associated with the granitic rocks of the Scottish 
Caledonides (Nockolds, 19^0) and the SouthemCalif ornia 
batholith (Nockolds and Allen,1953)» and by the 
appinites associated with the Ardara pluton (Hall,
1967a) .
ROCK CHEMISTRY - SCHEME OF DISCUSSION
Several aspects of the field and petrographic 
evidence have considerable bearing on the principal 
aims of the thesis, and must consequently influence 
the discussion of the chemistry. These aspects are:-
1 The general association between the abundance 
of basic inclusions and the composition of 
the host rock, the complete petrographic 
gradation between inclusions and granites, and 
the relationship between basic inclusions 
and the presence or absence of hornblende in 
certain rocks, are all in keeping with a hybrid 
origin for the granitic rocks.
2 Rocks of undoubtedly hybrid origin, formed by 
by the contamination of the Redfern Adamellite 
by diorite, are found at the margins of the 
Gibraltar Creek Diorite.
3 Similar evidence for the hybrid origin of the 
basic rocks has not been found. Instead 
evidence is available suggesting that these 
rocks have been formed, at least in part, by 
processes of fractional crystallisation.
In order to present the chemical data in as 
coherent a manner as possible and to avoid unnecessary 
repetition at a later stage in the thesis, it is
Table 5:7 Correlation matrix for granitic rocks
S 1 T1
S J lOOO
TJ - 9 b b lO O O
AL -•> 7 7 9 3 4
KK3 - 0 7 0 9 7 2
T F 2 -•> 8 8 9 5 3
M \ - 9 4 b 8 9 9
Mb - 9 8 1 9 3 4
C A - 9 9 0 9 4 8
N A 5 « 1 - 4 9 5
k 8 7 b - 8 4 l
P - 9 7 b 9 8 2
»1 - 9 8 9 9 5 2
UA - 2 8 4 2 b  4
Nil 8 4 o - 7 8 2
SR - 9 2 2 8 5 8
PB 4 7 8 - 4 3 2
III 8 1 1 - 7 4 1
ZR - 7 5 1 9 8
M l 5 1 4 -4o«>
Y - 2 7 2 3 4 1
L A 2 1 5 - 2 1 b
CK - 1 1 8 •>3
PR - 2 9 b 2 8 4
Nil - 5 0 0 5 3 7
V -« 1 7 0 0 5 4
CR - 5 1 7 4 3 0
MN - 9 4 0 8 0 8
N 1 - 7 7 1 l»08
C IJ - b 4 3 5 b 2
/ N -«134 9 2 3
bA —5 b b b b O
V r ii - 7 1 8 5 ‘>4
m. - 9 9 4 9 7 0
AL F L 3 F K 2
lOOO
9 4 b lOOO
9 5 4 9 4 7 lOOO
9 2 3 9 3 1 9 5 0
9 5 1 •>jl 0 8 2
97«» 9 b  4 9 8 2
- 5 1 8 - 5 1 4 - b 0 7
- 9 1 2 - 8 5 8 - 8 b 3
9 5 4 9 7 0 9 b  1
9 b  8 9 b 4 9 H 3
3 « 4 2 3 7 2 5 9
—8 9 2 - 7 9 7 - 8 3 8
9 5 1 8 7 9 9 0 4
—5 b b - 4 4 8 - 4 2 3
— 8 b O - 7 5 b - 8 0 0
1 1 7 9 2 5 5
- 5 4 8 - 4 4 1 - 5 1 3
299 2 9 2 2 7 7
-1 (» 4 - 2 2 2 - 2 3 1
1 9 3 7 4 1 0 3
2 8 5 2 5 8 3 0 3
5 5 3 4<>4 4 8 9
9 2 9 9 5 b 9 8 8
5 1 3 4 5 5 5 2 9
9 2 4 9 3 7 9 4 2
7 2 3 7 0 5 7 9 1
5 7 5 5 3 1 <»90
9 1 4 9 2 0 9 3 b
5 9 4 (»32 5 3 0
7 5 2 <»44 7 0 9
9 b  3 9 7 b 9 9 4
MN Mb CA NA K P ü BA RB SR PB
l o o o
9 5 « IOOO
9 4 8 9 8 2
- 5 4 o —b 4 l
- 8 b  2 - 8 8 3
9 1 0 9 4 1
9 4 7 9 8 5
2 5 8 2 5 b
- 8 1 1 - 8 4 3
8 8 4 9 2 b
- 4 1 3 - 4 1 2
- 7 6 b - 7 9 4
- 1 1 - 3 1
- 4 9 9 - 5 2 7
2 7 9 1 9 2
- 1 9 2 - 2 4 4
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proposed to discuss the chemical aspects of the Hartley 
granites and associated basic rocks in terms of the 
following problems:-
(i) The chemical coherence of the granitic 
and basic rocks.
(ii) Hybrid origin of the granitic rocks.
(iii) Fractional crystallisation of the basic 
rocks.
(i) The chemical coherence of the granitic and basic
rocks
In assessing whether the granitic and basic rocks 
belong to a single genetically related and chemically 
coherent calc-alkaline series, the similarity between 
element variation in the two rock types is of critical 
importance. One way of investigating the inter­
relationships of a large number of variables is by means 
of the correlation coefficient. In this way the 
relationships between each variable and every other 
variable can be numerically defined and presented 
in a correlation matrix. This has been done for the 
granitic and basic rocks and the results tabulated in 
Tables 5 • 7 and 5^8 respectively. Data for uranium have 
been omitted from these tables since insufficient 
samples were analysed for that element.
If the granitic and basic rocks are in fact two 
samples of the same chemical series, one would expect 
each element to behave in a similar manner in both 
these rock types. Elements that are highly correlated 
with one another in the granitic rocks should exhibit 
similarly high inter—correlations in the basic rocks
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and conversely. These need not agree in actual 
magnitude, since the sampling level is probably 
inadequate for precise comparison of correlation 
coefficients, but one would expect such an 
assumption to hold in a qualitative way.
The interpretation of correlation matrices 
composed of a large number of variables such as 
Tables 5•7 and 5:8 is a tedious process, and 
several attempts have been made to simplify these 
inter-relationships by graphical representation.
This has been done by Chave and Mackenzie (l96l) 
for pelagic muds, and by Whitten (1963) for the 
Climax Stock granodiorite, but unfortunately the 
number of variables used here is too large for 
such an approach. Similar attempts to represent 
the inter-element variations, by dendrograms 
derived by clustering variables instead of samples 
(Parks, 1966), or by means of principal component 
diagrams (Miesch et al., 1966) using both normal
and rotated components, were also unsatisfactory 
because distortion is inevitable in attempting 
to represent a multi-dimensional system by means 
of two-dimensional diagrams. This also applies 
to principal component diagrams, since although 
they reduce the complexity of the system to a few 
orthogonal variables, at least three and preferably 
four dimensions are required to represent 
graphically about 80 per cent of the total variation. 
Future work using stereoscopic principal component 
diagrams may help to resolve this problem, but 
until this is fully investigated there appears to 
be no fully satisfactory alternative but to rely 
on inspection of the correlation matrix.
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As well as exhibiting similar inter-correlations, 
the trend for each variable when plotted against 
another variable should be similar for both granitic 
and basic rocks if they belong to the same series.
The familiar Harker diagram in which each oxide or 
element is plotted against silica provides a simple 
but satisfactory means of displaying such trends 
graphically.
The use of silica as the independent variable 
is justified by the fact that in many rock series 
silica accounts for over half of the total variance 
of the system (Chayes, 1964) and is therefore a logical 
parameter against which to compare the variation of 
the other elements. In the Hartley rocks silica 
accounts for about 78.6 per cent of the total 
variance of the granitic rocks and 69*6 per cent of the 
total variance of the basic rocks. Furthermore,
Le Maitre (1968) has convincingly shown that of several 
possible linear functions commonly used in variation 
diagrams, silica comes closest to the first principal 
component. Since this is mathematically the best 
linear function for representing the position of an 
analysis on a trend, it follows that silica is the 
most satisfactory, as well as the simplest function 
to use. Other functions utilising a combination of 
variables, as well as being inefficient, would of 
necessity produce artifically smoothed curves since 
some variables are being plotted against themselves 
(Wilcox, 1954), and would also increase the effects 
of closure on the system (Chayes, i960, 1962).
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If the basic and granitic rocks belong to the 
same chemical series there should not be any significant 
difference between separate regression lines relating 
the variation of each element to that of silica for 
the two sets of data. There are several possible ways 
in which these regression lines could differ: they could
be parallel but distinct, having similar slopes but 
different intercepts, or they could have the same 
intercept but differ in slope. Generally, if the 
slopes are sufficiently different questions concerning 
the similarity of the intercepts do not arise. If 
either the slope or the intercept are significantly 
different then it is not unreasonable to suggest that 
the regression lines are distinct, and that the rocks 
are from different series, particularly if the 
differences can be established for a large number of 
elements.
In order to apply these tests, and to describe 
the chemical variation of the Hartley rocks, regression 
equations have been calculated for each element relative 
to silica for both the granitic and basic rocks, and 
these are listed in Table 5^9* Data for the basic 
inclusions have not been used in establishing the 
regression equations, since it is well known (Nockolds, 
1933» Chappell, 1966) that element behavior in inclusions 
is not necessarily directly related to the associated 
granites. In addition to the basic parameters of slope 
and intercept, a t-test of the hypothesis that the slope 
is not significantly different from zero, the standard 
error of estimate, the correlation coefficient and the 
coefficient of determination are included. Details 
of simple linear regression analysis and associated
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tests of hypotheses and confidence intervals, such as 
are used in this thesis, are described in detail in 
KrumbeLn and Graybil. 1 ( 1 9 6 5 ) > Smillie (1966) and 
Griffiths (1967).
There are several assumptions associated with 
the application of regression analysis to this 
problem that require further clarification:-
(a) The basic assumption of the simple linear 
model, that one of the variables is known 
without error, does not hold since there 
is no reason to suggest that silica is 
known more precisely than many other 
elements. Alternative computational 
procedures are available, but most are of 
restricted use and not as flexible as the 
general linear model. Consequently, in 
line with common practice, the simpler 
approach has been used since it is 
thought that the errors involved are not 
serious, particularly for highly correlated 
variables.
(b) The assumption that the regression 
relationships are best described by a 
linear rather than curvilinear relationship
may not be valid. Fortunately, a characteristic 
feature of most calc-alkaline series is that 
the variations with silica are largely linear 
and curvilinear relationships are the 
exception rather than the rule.
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(c) A further assumption, which has received 
little consideration in petrological 
investigations, is that the sampled 
population is homogeneous and continuously 
variable. If this should not be the case, 
and the sampled population consists of 
several sub-populations, a single regression 
line calculated for the population as a whole 
could differ considerably from individual 
regression lines calculated for each 
sub-population, and could give a false 
impression ( 1 pseudo-trend' ) of the inter­
element variation. Since it has been 
established that the Hartley granites are 
distinctly homogeneous, it is possible that 
the preceding hypothesis may apply to these 
rocks, and that each separate granite or 
group of granites may represent a potential 
chemically distinct sub-population within the 
granites as a whole.
(ii) Hybrid origin of the granitic rocks
Much of the field and petrographic evidence points 
to a hybrid origin for the granitic rocks in the Hartley 
area. If this is the case, and these rocks are the 
product of contamination of an acid melt with more basic 
material, it follows that analyses of these rocks should 
exhibit strong linear relationships when plotted on 
Harker diagrams, a measure of the linearity being gained 
from the correlation coefficients and the coefficients 
of determination listed in Table 5:9•
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A further consequence of the constraint of 
linearity imposed by a simple mixing hypothesis is the 
necessity that each element should be highly correlated 
(either negatively or positively) with every other 
element, even though the elements concerned may have 
differing geochemical affinities. All the N(N-l)/2 
possible inter-element correlation coefficients for 
the granitic rocks are given in Table 5*7*
In testing such a hypothesis it is clear that the 
assessment of linearity is dependent on the correlation 
coefficient and its derivative the coefficient of 
determination, and upon visual inspection of the 
Harker diagram. It is customary in statistical 
analysis to test the significance of an observed 
correlation against the null hypothesis that the 
correlation is in fact zero. In a series of papers,
Chayes (i960, 1962, 1964) has shown that the above
assumption is not valid for 'closed’ arrays such as 
percentage data, which of necessity must sum to a 
constant amount. A characteristic feature of 'closed' 
chemical data for igneous rocks, particularly calc- 
alkaline rocks (Chayes, 1964), is that the variance 
of silica accounts for over 50 per cent of the total 
variance, the consequence being that strong negative 
correlations are to be expected between silica and 
many of the other variables. Therefore the null value 
against which the observed correlation is tested should 
not be zero but some unknown value equivalent to a 
correlation generated entirely by closure. Chayes and 
Kruskal (1966) have proposed a procedure for approximating 
the correlation due to closure, against which the observed
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correlation can be tested using Fisher’s z-statistic. 
The means and variances of the observed data are used 
to estimate analogous parameters for a hypothetical 
’open’ array which on closure yields a new data array 
in which the means and variances are the same as for 
the observed array, but the correlations have been 
generated entirely by closure.
This method was used in the present study to 
generate correlation coefficients produced entirely 
by closure, equivalent to all the possible pairs of 
element inter-correlations given in Tables 5:7 and 5:8. 
Two facts emerged from this investigation: all the
correlation coefficients generated by closure were 
small and not significantly different from zero; 
some of the variances for the hypothetical ’open’ 
arrays had negative values, thus throwing doubt on 
the validity of the test. Similarly, in applying this 
test to volcanic calc-alkaline series, Chayes (1968, 
1969) has also found negative variance values for the 
hypothetical'open’ arrays, and has concluded that 
under these circumstances the test is no longer valid.
Consequently there is still no satisfactory way 
in which the effects of closure can be estimated.
From the general principles involved it is tempting to 
suggest that for those variables with small variance 
contributions to the variance remaining after the 
silica contribution is removed, the effects of closure 
will be small. This suggestion can be examined 
empirically by comparing the correlations of titanium 
and phosphorus with silica in the basic rocks. The
91
variance contributions of these two elements to the 
total variance is very small, about 0.02 and 0.09 
per cent for phosphorus and titanium respectively. 
Therefore one might expect both variables to be 
influenced to a similar degree by closure, yet 
titanium shows strong negative correlation with silica 
(r = -0.95) whereas phosphorus and silica are negligibly 
correlated (r = -O.O5). It seems most unlikely 
therefore that closure is in this case a major 
contributing factor to the high correlation between 
titanium and silica. In conclusion it must be stated 
that should the effects of closure prove to be a 
major contributing factor to the high inter-element 
correlations in the granitic rocks, then several of 
the inferences to be made in this thesis would 
probably be invalid.
In this proposed model of hybridisation it is 
possible to us.e the regression equations listed in 
Table 5:9 to estimate the average composition of 
hypothetical acid and basic parents for the series 
at given silica values and to calculate confidence 
intervals for these estimates. This has been done 
for all elements, where applicable, and average values 
for a hypothetical acid parent with a silica content 
of 75*98 per cent, a hypothetical diorite parent with 
a silica content of 53*14 per cent, and a hypothetical 
gabbro parent with a silica content of 45*50 per cent 
have been calculated together with the confidence 
intervals for these averages at the 99 per cent 
confidence level. These averages and the confidence 
limits for the hypothetical parent materials are
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plotted on the variation diagrams as vertical bars 
intersecting the regression lines at the appropriate 
values, with the length of the bar representing the 
confidence limit for the averages at the 99 per cent 
level.
The silica content of the acid parent has been 
estimated from the intersection of the magnesium 
regression line with the silica axis of the variation 
diagram, this being the maximum theoretical silica 
content for any of the Hartley granites. The two 
hypothetical basic parents are based on the average 
silica contents of the Cox’s River Gabbro and the diorite 
from the Cox’s River and Moyne Farm intrusions. The 
diorite average is based only on the more basic diorites 
and not on the quartz-rich diorites which are of 
insignificant areal extent.
Hypothetical basic parents, with silica contents 
equivalent to the predominant rock types in the basic 
intrusions, have been calculated from the regression 
equations for the granitic rocks, in order to test if 
the gabbro or diorite of the basic intrusions are 
possible sources of contamination in the granitic rocks, 
and therefore whether or not hybridism is of local 
origin.
A test for the significance of the differences 
in composition for a particular variable (y ) between 
the two basic rocks and the two hypothetical basic 
parents is given below, utilising Student’s - t statistic,
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Y - Y1 2
/ S2 s2bl (X - X )2 1 , °I N 1 + 22 1 SSX
where t is tested for significance with - 3
degrees of freedom.
Y - y1 2 is the difference between the content of Y
in the hypothetical basic parent and mean of 
Y in the diorite or gabbro. 
and are the number of granite samples used 
to estimate the regression equation and the 
number of samples used to estimate the means 
of the diorite or gabbro.
S22 is the variance of Y in either the diorite or 
gabbro.
2 is the square of the standard error of estimate 
for Y in the granites.
X - X is the difference between the mean silica o
content of the granites and that of the 
appropriate hypothetical basic parent.
2SSX is the sum of squares for silica in the granitic 
rocks.
Several assumptions have been made in obtaining 
the above expression. Firstly it is assumed that the 
small variation in the silica content around the 
average diorite and gabbro compositions will not 
materially affect the validity of the test. Secondly, 
the variance of Y in the basic rocks has been introduced
9k
into the expression since it could not be reasonably 
assumed that the variance of Y in either the diorite 
or gabbro and the granitic rocks were equal. This 
will have the effect of making the test approximate 
since the variance of Y cannot be accurately estimated 
due to the small values for .
Values for the average composition of both the 
diorite and the gabbro and their hypothetical 
equivalents calculated from the granite regression 
equations, are given in Table 5 :10, together with 
the differences between them and the appropriate 
values of the t-statistic.
On the margins of the Gibraltar Creek Diorite 
are granitic rocks which are clearly of hybrid origin. 
In order to assess further the effects of local 
contamination, and the hybridisation hypothesis in 
general, it will be advantageous to compare the 
effects of local hybridisation with the main granitic 
trends to see if they are compatible. If the two 
differ and if neither the diorite nor the gabbro of 
the basic intrusions are compositionally satisfactory 
as a basic parent, this would provide support for the 
hypothesis of Chappell (1966) that hybridisation in 
granitic rocks is cognate and not of local origin.
In the preceding discussion it has been assumed 
that hybridisation is a relatively simple process 
involving only a single acid and basic parent. It has 
been demonstrated in previous sections that the Hartley 
granites are homogeneous and that most of them exhibit 
little internal variation, or overlap in composition 
with other granites. As a consequence of this
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homogeneity, there is a strong possibility that each 
granite or group of granites, although formed by the 
same processes, may well have developed independently 
of each other. If the basic material from which these 
rocks were derived was at all variable in composition, 
either through inhomogeneity in trace element content, 
or through fractionation in bulk composition, then 
it is highly likel> that hybridization would lead to 
several variation trends.
In the hypothesis being examined, it has been 
suggested (Chappell,1966) that the acid parent material 
is the product of partial melting of the basic material, 
and that the composition of this melt closely approximates 
the minimum melting composition at low water vapour 
pressure in the synthetic granite system (Tuttle and 
Bowen, 1958)• To facilitate further discussion it will 
be assumed that the acid melt is of uniform composition, 
and that the chemical variation in the basic materials 
would produce a series of contamination trends, the 
nature of which would depend on the behaviour of the 
element concerned in the processes of partial melting 
and fractional crystallisation. This is illustrated 
schematically in Fig. 5:2, and may be summarised as 
follows: -
(i) If fractionation of the basic material moves 
towards the minimum melting composition, then 
the result of mixing the acid melt with basic 
material such as A , B and C in Fig. 5:2a and 
5:2b, will be to produce three closely spaced 
contamination trends converging at the acid 
parent. Should the fractionation trend of the
ic
ai
 e
xa
mp
le
s 
of
 c
on
ta
mi
na
ti
on
 i
nv
ol
vi
ng
- 
ba
si
c 
pa
re
nt
s 
(f
or
 e
xp
la
na
ti
on
 s
ee
 t
ex
t)
.
96
\
basic material move directly towards the 
minimum melting composition, as is probably 
the case for many elements, then the result 
of contamination of the acid melt with the 
three basic parents would be to produce 
a single linear trend indistinguishable 
from the single basic parent hypothesis.
(ii) It has been suggested that certain elements 
such as zirconium (Chao and Fleischer, i960) 
and barium (Hall, 1967b)exhibit contrasting 
behaviour in fractionation and partial 
melting, both of them being depleted in 
the melt during partial melting, but increasing 
progressively with fractionation.
Contamination of an acid melt low in these 
variables with the three basic parents 
situated on the fractionation trend would 
tend to produce contamination trends similar 
to those shown schematically in Fig. 5 :2c.
A further corollary of the multiple trend 
hypothesis is that the more acid basic parent would 
tend to produce a greater quantity of acid melt during 
partial melting. Consequently one might expect some 
systematic relationship between the acidity of the 
granitic rocks and the composition of the basic parent 
involved in its production.
( iii) Fractional crystallisation of the basic rocks
Field and petrographic evidence suggests that 
fractional crystallisation has played a part in the 
evolution of the basic rocks in the Hartley area. It
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will therefore be necessary to see whether the chemistry 
of these rocks is compatible with such an origin. Of 
particular importance will be tests to ascertain whether 
removal of material, similar in composition to the 
hornblendite, from the gabbro can produce rocks of 
dioritic composition.
DISCUSSION OF THE VARIOUS ELEMENTS
In this section each element will be discussed 
separately, usually in the order given in the tables, 
with the exception of magnesium and zirconium which 
will be considered at the beginning of the major and 
trace element discussions respectively.
During this discussion reference will be made to 
various statistical parameters. In order to avoid 
constant repetition these can be found on the following 
tables:-
Table 5:6
Table 5:7 
Table 5:8 
Table 5:9 
Table 5:10
means, variances and standard 
deviations for each major rock 
type.
correlation coefficients for the 
granitic rocks.
correlation coefficients for the 
basic rocks.
regression equations of each 
element against silica, 
statistical tests for the 
difference between the hypothetical 
basic parents and the diorite and 
gabbro of the basic intrusions.
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Attempts will also be made to compare the chemistry 
of the Hartley rocks with the chemistry of other 
calc-alkaline series. Because of the unsatisfactory 
state of analytical geochemistry at the present 
time - illustrated by the recent comment of Flanagan 
(1989), ’Several elements have been estimated 
satisfactorily but ranges for other elements are so 
wide that one unfamiliar with the difficulties of 
the different techniques might wonder if we were 
collectively analysing the same thing’ - it is 
doubtful whether such comparisons are very meaningful. 
Consequently they have been kept to a minimum.
Magnesium
Examination of Fig. 5:3 shows that magnesium is 
linearly related to the silica content in both the 
granitic and basic rocks, although there is much 
greater scatter in the basic than in the granitic 
rocks. This is reflected in the appropriate correlation 
coefficients (Table 5:9) which are -O.9O and -O.98 for 
the basic and granitic rocks respectively. In the 
granitic rocks magnesium is highly correlated with 
most major elements, whereas in the basic rocks 
the degree of correlation is variable for different 
elements. The basic inclusions are more scattered 
than the associated granites, and some are notably 
depleted in magnesium relative to the regression line.
The slopes and intercepts of the two regression 
lines are rather similar (Table 5:9) and there is no 
statistically significant difference between them. 
Similarly there is no significant difference between
% QßV\l
Fi
gu
re
 5
:3
 
Si
li
ca
 -
 m
ag
ne
si
um
 v
ar
ia
ti
on
 d
ia
gr
am
.
99
the magnesium averages for the diorite and gabbro 
from the basic intrusions and the hypothetical basic 
parents calculated from the granite regression 
equation.
The regression line for the granitic rocks 
intersects the silica axis at a silica content of 
75.98 per cent. No other major element intercepts 
the silica axis at a lower silica value, although 
phosphorus approaches zero at the same value. Nickel 
and copper both intercept the silica axis at lower 
values, but since the contents of these elements 
are below the limit of detection in many of the 
more acid rocks, it is doubtful if much reliance can 
be placed on their intercept values. Therefore 75*98 
per cent silica must represent, within the limits of 
analytical error, the upper limit for the silica 
content of the hypothetical acid parent. It also 
follows that, with the exception of phosphorus, 
nickel and copper, the acid parent must contain 
appreciable amounts of most elements.
The magnesium contents of the Hartley granites 
are comparable to most granitic rocks, and closely 
follow the trend of magnesium in granitic rocks from 
both the Southern California batholith (Larsen, 19^8) 
and the Garabal Hills - Glen Fyne complex (Nockolds, 
19^0). The gabbro and diorite of the basic intrusions 
are lower in magnesium than similar rocks from these 
two series.
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Titanium
In Fig. 5:h it is seen that the analyses of the 
granitic rocks plot on to two distinct and strongly 
linear regression lines, with the adamellites and 
Hartley G-ranodiorite containing more titanium for a 
given silica content than the other granodiorites and 
diorites. A t -  test for the difference between the 
slopes of the two trends is significant at the 99*9 
per cent confidence level. These slopes converge 
with increasing silica content, and the calculated 
acid parents, at a silica content of 75*98 per cent 
for both trends, contain 0.08 and 0.12 per cent TiO^.
It is tempting to suggest that the granite rocks 
consist of two separate series but, as will be 
demonstrated later, such an assumption is not valid.
The basic inclusions associated with the granitic 
rocks tend in general to be enriched in titanium 
relative to the regression lines.
The analyses of the basic rocks are more scattered 
than those of the granitic rocks, and the correlation 
coefficient with silica is correspondingly lower,
-0.91 compared with -0.98 and -0.99 for the two granite 
trends. A further difference is that in the granitic 
rocks titanium correlates highly with all the major 
elements (except sodium) whereas in the basic rocks 
titanium correlates variably with the other major 
elements.
From Fig. ^xb it can be seen that the trend for 
the basic rocks differs in slope from the two granitic 
trends. However, a significant difference in slope 
can only be established between the basic rocks and
101
the upper granite trend. Estimates of hypothetical 
dioritic and gabbroic parents for the two granite 
regression lines indicate that for both trends the 
gabbros of the basic intrusions do not contain 
sufficient titanium to be considered as the basic 
parent (Table 5:10). Similarly, the diorites from 
the basic intrusions are significantly lower in 
titanium at the 99*9 per cent level than the 
hypothetical diorite parent for the upper trend, 
and at the 95 pen cent level for the lower granite 
trend. Consequently, it can be stated that not 
only does the trend for the basic rocks differ from 
that of some of the granitic rocks, but on the basis 
of the titanium contents it appears that neither the 
gabbro nor the diorite are suitable basic parent 
material for the granitic rocks.
The titanium trend in the basic rocks is comparable 
to the trend for the Southern California batholith 
(Larsen, 19^-8) , whereas the two granitic trends are 
more similar to the Scottish Caledonide trend 
(Nockolds and Mitchell, 19^-8) .
Aluminium
Fig. 5:5 shows that a separate regression line 
is required for the basic and granitic rocks. Although 
very scattered, with a correlation coefficient of 
-0.7^, the basic rocks are richer in aluminium than 
corresponding granitic rocks with the same silica 
content. The regression lines for the two types are 
roughly parallel, being similar in slope, differing 
significantly at the 99 pear cent confidence level 
in intercepts.
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The granitic rocks are strongly linear, with a 
correlation coefficient of -0.98. Aluminium is also 
strongly correlated with other major elements in these 
rocks whereas in the basic rocks it is only highly 
correlated with calcium and silica. Surprisingly, in 
the basic rocks aluminium also shows high positive 
correlations with vanadium, chromium and copper and 
high negative ones with lanthanum and cerium.
Although the basic and granitic rocks can be 
represented by two distinct regression trends, there is 
no significant difference between the hypothetical diorite 
and gabbro parents and the actual diorite and gabbro from 
the basic intrusions.
Both the basic and granitic trends are high in 
aluminium at the basic end, although both contain 
normal amounts at the acid end, and are considerably 
richer in aluminium than average high-alumina basalts 
of similar silica contents (Kuno, i960, Taylor et al. , 
1969). The San Marcos Gabbro (Larsen, 19^8) has an 
average aluminium content similar to that of the Cox’s 
River gabbro, and Baker (1968) records basalts with 
similarly high aluminiums from the Mt. Misery Volcano,
St. Kitts.
Total Iron
Total iron is plotted as Fep0 in Fig. 5:6, and 
it is apparent that there is an extremely strong 
linear relationship between the silica and total iron 
contents of the granitic rocks, the correlation 
coefficient for this trend being -0.99» Iron in the 
basic rocks is also strongly correlated with silica,
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and there is no significant difference in either the 
slope or the intercept of the two trends, the only 
difference being the slightly greater scatter for the 
basic rocks, which have a correlation coefficient of
-O.92.
Because of the strong similarity of the two trends 
there is also no significant difference between the 
means of the hypothetical diorite and gabbro basic 
parents and the actual rocks from the basic intrusions. 
The calculated total iron content of the hypothetical 
acid parent is 0.7^- per cent and could range between 
0.59 and O .89 per cent at the 99 per cent confidence 
level.
The iron content of these rocks is normal throughout 
the entire series, being comparable in amounts to recent 
average estimates of rock types with similar silica 
contents (Taylor, 1968; Taylor e t al. , 1969)»
Ferrous and Ferric Iron
The variations of these two constituents are shown 
in Figs . 5:7 and 5;8» Both exhibit strong linear 
relationships with silica in the granitic rocks, the 
correlation coefficients being -0.99 for ferrous 
iron and -0.97 for ferric iron. In the basic rocks 
these relationships are not as strong, particularly 
in the case of ferric iron. The appropriate 
correlation coefficients are -O.9I for ferrous iron 
and -O.67 for ferric iron. In the granitic rocks 
both ferrous and ferric iron are highly correlated 
with other major elements, including each other, 
whereas in the basic rocks ferrous iron is fairly
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strongly correlated with most elements with the 
exception of manganese and ferric iron which are 
highly correlated with each other.
The regression equations for both ferrous and 
ferric iron versus silica have similar slopes and 
intercepts in both the granitic and basic rocks. 
Consequently, there is no significant difference 
in trends between the two rock types, nor is there 
any significant difference, for either variable, 
between the hypothetical diorite and gabbro basic 
parents and the actual diorite and gabbro of the basic 
intrusions. The calculated ferrous and ferric iron 
contents of the hypothetical acid parent are 0.21 
and 0.51 respectively, with the average for ferrous 
iron ranging between 0.08 and 0.35 per cent, and 
that for ferric iron between 0.39 and 0.69 per cent, 
both at the 99 per cent confidence level.
The ferrous/ferric iron ratios (calculated as 
FeO/Fe^O^) in the Hartley rocks are very low in both 
the granitic and basic rocks. Xn the granitic rocks 
the ratio decreases from about 1.6 at a silica content 
of 55 per cent to less than 1.0 at silica contents 
greater than 70 per cent. Conversely, in the basic 
rocks the lowest ferrous/ferric ratios are in the 
gabbros, about 1.7» increasing to about 3*0 in the 
tonalites. Joplin (l93l) also commented on the high 
ferric iron content of the Hartley rocks, and assumed 
that this was a secondary feature produced by deuteric 
alteration. This suggestion cannot be supported, since 
examination of these rocks in reflected light has shown 
little or no indication of secondary hematite, and
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modal analyses indicate the presence of abundant 
magnetite in the more basic rocks.
Since the pioneering work of Kennedy (19^+8) several 
writers have suggested that the partial pressure of 
oxygen, and hence the degree of oxidation, will have a 
marked influence on the crystallisation of basic 
magma (Kennedy, 1955; Osborn, 1959» 1962, 1969;
Kuno, 1965 , 1968a; Wager and Brown, 1968). These 
authors suggest that a low partial pressure of oxygen 
leads to iron enrichment characterised by the Skaergaard 
intrusion and many tholeiitic sills, and that high partial 
pressure of oxygen, resulting in strong oxidation, leads 
to the typical calc-alkaline trend. To a certain extent 
these suggestions are roughly supported by the ferrous/ 
ferric ratio of the rocks concerned. Thus the ferrous/ 
ferric ratio of the initial magma of the Skaergaard 
intrusion is 6.4, decreasing to about 1.7 in the granophyric 
differentiate (Wager and Brown, 1968). Similarly, the 
chilled margins of many differentiated tholeiitic sills 
have high ferrous/ferric ratios (McDougall, 1962), which 
decrease to about 1.0 in the associated granophyres. In 
contrast to this, in most calc-alkaline series the ratios 
decrease from about 4.0 in gabbros and basalts to about 
1.0 in the most acid granites and rhyolites. Thus in the 
Southern California batholith the range is from 3*5 in the 
San Marcos Gabbro to 2.3 in the Rubidoux Mountain granite 
(Larsen, 1948), and from about 4.0 in the gabbros and 
norites of the Scottish Caledonides to about 1.0 in the 
aplites (Nockolds and Mitchell, 1948). Haslam (1968) has 
suggested on the basis of the co-existing ferromagnesian 
minerals that the intermediate and acid magmas of the 
Ben Nevis complex crystallised under constant high 
partial pressures of oxygen. However, the ferrous/ferric
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ratios of these rocks are no lower than other comparable 
calc-alkaline plutonic rocks, ranging from 3*3 in the 
diorites to less than 1.0 in the most acid rocks.
Clearly the Hartley rocks, particularly the gabbros, 
have unusually low ferrous/ferric ratios, even in 
comparison with other calc-alkaline rocks. The only 
other rocks that appear to be at all comparable are the 
basalts and andesites of the M t . Misery Volcano (Baker, 
1968), which have ferrous/ferric ratios ranging from 1.3 
in the basalts to 1.9 in the andesites. It may be 
fortuitous but this slight increase in the ratio, similar 
to that in the basic rocks from the Hartley area, is 
supported by an even higher ferrous/ferric ratio in the 
glassy groundmass of one of the more acid andesites.
C alcium
The relationship between the silica and calcium 
contents of the granitic and basic rocks is illustrated in 
Fig. 3:9. Calcium shows strong negative correlations 
with silica in both the granitic and basic rocks, the 
correlation coefficients being -0.99 and -O.96 
respectively. As with most other elements, the basic 
rocks are more scattered than the granitic rocks.
The regression lines for the two trends have 
significantly different slopes at the 99 per cent 
confidence level, suggesting that they may not belong to 
the same series. There is no significant difference in 
the calcium content of the hypothetical diorite basic 
parent and the diorites from the basic intrusions, but 
the difference between the gabbro and the hypothetical 
gabbro parent is highly significant.
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The Hartley rocks have comparable calcium contents 
to other calc-alkaline rocks. More specifically, they 
are very similar to the granites and diorites of the 
Scottish Caledonides, and contain about one per cent less 
CaO than rocks with corresponding silica contents from 
the Southern California batholith.
S odium
From Fig. 5:10 it is clear that the behaviour of 
sodium in the granitic and basic rocks is markedly 
different. There is only a slight increase of sodium with 
increasing silica content in the granitic rocks and the 
correlation coefficient for this trend is low (0.58), 
with analyses from individual granites showing 
considerable scatter. Similarly, sodium is only weakly 
correlated with all of the other major and trace elements. 
Preliminary examination of other data suggests that in 
many granites sodium also exhibits weak correlations with 
other elements. The basic inclusions associated with the 
granites all show strong enrichment in sodium, relative 
to the regression line.
In contrast to the granites, the correlation between 
sodium and silica, and sodium with many of the other 
major elements, is quite high in the basic rocks and there 
is a progressive increase in sodium with increasing silica 
content.
The difference in slopes of the two trends is 
significant at the 99 per cent level, further evidence 
that the basic and granitic rocks do not belong to the 
same geochemical series. The calculated value of the 
diorite parent is not significantly different from the
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diorites of the basic intrusions, whereas the hypothetical 
gabbro parent and the Cox* s River gabbro are definitely 
different at the 99 per cent confidence level.
Potassium
Fig. 5 ill shows that there is a pronounced 
difference in the potassium - silica relationships of the 
granitic and basic rocks. Potassium is moderately highly 
correlated with silica in both rock types, the correlation 
coefficients being O .87 for the granitic rocks and 0.86 
for the basic rocks. The slopes of the two regression 
lines are similar and the potassium content in both the 
granitic and basic rocks increases at the same rate with 
increasing silica content, the major difference being in 
the lower potassium content for a given silica content of 
the basic rocks in comparison with the granitic rocks.
This difference, which is reflected in the different 
intercepts for the two regression lines, is significant 
at the 99 per cent confidence level.
Since separation between these two sub-parallel 
trends is highly significant, it follows that neither the 
hypothetical diorite or gabbro parent materials of the 
granitic rocks correspond to the diorite and gabbro of the 
basic intrusions. Both these rock types are lower in 
potassium than the corresponding calculated rock types, 
and this difference is highly significant. The calculated 
acid parent material is rich in potassium, containing 
between 4.35 and 4.85 per cent at the 99 per cent 
confidence level, with an average value of 4.66 per cent.
The trend for the basic rocks intersects the zero 
axis at a silica content of 42.42 per cent. Consequently, 
this places a lower limit on the silica content of
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material that can be removed from the gabbro to produce 
dioritic magma by fractional crystallisation. These 
aspects will be considered more fully later.
The trend for the granitic rocks is comparable to 
the potassium trend of rocks from the Scottish Caledonides, 
whereas the lower potassium content of the basic trend is 
very similar to that for rocks from the Southern 
California batholith.
Phosphorus
The contrasting behaviour of phosphorus in the 
granitic and basic rocks is evident from Fig. 5:12. !n 
the basic rocks there is no significant linear 
relationship between phosphorus and silica, and values 
for individual rock types are extremely variable. This is 
illustrated by reference to the gabbros, which have P^0 
figures ranging from 0.04 to 0.40 per cent. Those 
gabbros that are rich in phosphorus are less melanocratic 
than the low phosphorus gabbros and appear to have been 
enriched in plagioclase and apatite relative to 
ferromagnesian minerals.
In the granitic rocks there are two distinct 
sub-parallel trends showing a marked decrease in phosphorus 
with increase in silica. The correlation coefficients for 
these two trends are -O.96 for the upper one and -0.99 for 
the lower one. Considered jointly the correlation 
coefficient is -0.97> and phosphorus can be seen from 
Table 5:7 to be highly correlated with most other major 
elements.
The slopes for these two regression lines are not 
significantly different, whereas the difference between
0-
5
o
00
% 'o'd
Fi
gu
re
 5
:1
2 
Si
li
ca
 —
 p
ho
sp
ho
ru
s 
va
ri
at
io
n 
di
ag
ra
m.
110
intercepts is significant at the 99 per cent confidence 
level. The granite types that form these two trends 
coincide with those plotting on the two distinct titanium 
trends. However, it will be demonstrated later that 
these rock types do not belong to two distinct granite 
series.
The calculated acid parents for the two trends
contain 0.03 per cent P o0„ for the upper trend and 0.00
£ Dper cent for the lower trend, and both provide additional 
support for the suggestion that the hypothetical acid 
parent contains close to 75*98 per cent silica. The 
calculated phosphorus contents of the diorite and gabbro 
basic parents for both of the trends, are quite distinct 
from the average phosphorus contents of the diorite and 
gabbro of the basic intrusions.
The contrasting behaviour of phosphorus in the 
granitic and basic rocks calls for further discussion since 
it has received little attention in previous geochemical 
studies. A similar relationship to the Hartley rocks is 
present in the Scottish Caledonides (Nockolds and Mitchell, 
1948). Phosphorus increases linearly in the granitic 
rocks with decreasing silica content down to about 54 per 
cent SiO^* Below this value the "accumulative rocks" 
which are comparable to the basic rocks of the Hartley 
area, have extremely irregular phosphorus contents. That 
this may be a characteristic feature of such rocks is 
suggested by the phosphorus contents of diorites and 
gabbros of the Yeovil batholith (Gulson, 1968). In these 
rocks there is also an absence of systematic relationships 
in the phosphorus content as in the Hartley rocks and the 
"accumulative rocks" of the Scottish Caledonides.
Ill
In contrast, the regular linear decrease of phosphorus 
with increasing silica content also appears to be a 
characteristic feature of granitic rocks. In a study of 
phosphorus in a large number of widely scattered North 
American granites, Vistelius and Hurst (1964) found that 
phosphorus showed a moderate to high negative correlation 
with silica and a positive correlation with modal biotite. 
In more specific studies, Chappell (1966) found that 
phosphorus in granites from the Moonbi area was linearly 
related to silica, decreasing with increasing silica 
content. Similarly, the data presented by Haslam (1968) 
for the Ben Nevis complex indicate that phosphorus is 
decreasing in a regular manner with increase in the 
silica content.
Zirconium
The data for zirconium are plotted in Fig. 5*13 
where two main points are apparent:-
i) Zirconium in the basic rocks increases linearly 
with increasing silica content, the correlation 
coefficient for this trend being O.89.
ii) The zirconium content of the granitic rocks 
appears to be erratic, varying irregularly, with no 
significant relationship between the zirconium and 
silica content of the rocks.
The regular increase in the zirconium content of the 
basic rocks with increasing acidity is in keeping with an 
origin by fractional crystallisation. Chao and Fleischer 
(i960) have shown that zirconium increases with 
fractionation in rocks that have clearly originated by 
this process. Further evidence that zirconium should 
increase with the fractionation of basic and intermediate
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calc-alkaline rocks can be obtained from the data of Ewart 
et al. (1968) on the volcanic rocks of the Taupo region.
These authors show that zirconium is enriched in andesite 
residual liquids relative to the zirconium content of the 
total andesite.
If the regular linear relationship for zirconium in 
the basic rocks is a result of fractional crystallisation, 
it is quite clear that the same process cannot have been 
operative in the granitic rocks. Therefore it is unlikely 
that the granitic and basic rocks belong to the same 
series.
The erratic behaviour of zircon in calc-alkaline 
plutonic rocks appears to be a characteristic feature.
Chao and Fleischer suggest that this might be attributable 
to sampling problems. Although agreeing that in 
determining zirconium in granitic rocks sampling and sample 
preparation problems are acute, one cannot attribute all 
of the apparent scatter of Fig. 5:13 to this cause, since 
estimates of precision given in Table 5:1 indicate that 
all duplicate samples should agree to within 20 p.p.m. 
zirconium.
There is increasing evidence to suggest that in 
granitic rocks, zirconium decreases with increasing acidity. 
Thus Chao and Fleischer (i960) report that the majority of 
granites and rhyolites from orogenic belts contain less 
zirconium than coexisting intermediate rocks. They make 
the tentative suggestion that the low zirconium contents 
of these rocks may be the result of partial melting rather 
than fractional crystallisation, which tends to increase 
the zirconium content of the more acid rocks. More 
recently, Chappell (1966) shows that the zirconium contents
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of granites from the Moonbi area decrease with increasing 
silica content from about 2^0 p.p.m. in intermediate rocks 
to about 100 p.p.m. in the most acid rocks. He 
attributes this to the contamination of a zirconium-poor 
acid melt with zirconium-rich basic material. Similarly, 
Hall (1967b) shows that zirconium decreases with decreasing 
silica content in the range 69 - 75 per cent SiO^, and 
suggests, following the experimental work of Kranck and 
Oja (i960), that this is brought about by the refractory 
nature of zirconium during partial melting.
On the basis of the above evidence it does not seem 
unreasonable to suggest that an acid magma produced by 
partial melting will contain low amounts of zirconium, 
probably less than 100 p.p.m.. If this magma should be 
contaminated with more basic material containing a 
greater abundance of zirconium, then the zirconium content 
of the resulting hybrids will decrease with increasing 
silica as has been proposed by Chappell. If however the 
basic parental material is of variable composition, 
either in its entirety or with respect to zirconium, then 
several such trends may develop, as was suggested in the 
introduction to this section.
If zirconium in the granitic rocks is plotted 
against titanium instead of silica (Fig. 5:3%) some of the 
apparent irregularities in the behaviour of zirconium are 
at once removed. This diagram shows two distinct, but 
slightly scattered, trends in which zirconium decreases 
with decreasing titanium, thus indicating that zirconium 
decreases with increasing acidity of the granites.
Knowing that the TiO^ content of the hypothetical acid 
parent is between 0.08 and 0.12 per cent, it is possible
Zr
 
p.
p.
m.
TI02 X
Figure 5:32 Titanium - zirconium relationships.
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to calculate from the regression equations for the two 
trends that the acid parent should also contain about 85 - 
90 p.p.m. zirconium.
It will be noticed that although there are two 
distinct trends in Fig. 5^ 32,' they do not consist of the 
same rock units that defined the two trends seen in the 
titanium-silica and phosphorus-silica diagrams. This is 
taken as evidence that each granite or some groups of 
granites are chemically independent from the other 
granites, and not necessarily part of the same chemical 
series, even though they are coincidental for many 
elements. Exceptions to this are the Leucocratic,
Biotite, Redfern and Lett Adamellites. These rocks are 
linearly related to one another for every element 
examined and in addition are closely related to one 
another in the field. Consequently, it is proposed to 
regard them as part of the same sub-series in further 
discussions, and they will be referred to as the 
Adamellite sub-series for the sake of brevity.
Returning to Fig. 5:13 and regarding each granite 
independently, it can be shown that most of these granites 
have negative slopes for the silica-zirconium relationship, 
suggesting a decreasing trend with increasing acidity. 
Unfortunately, owing to the small number of samples for 
each granite and their restricted range in composition, 
most of these trends, with the exception of the Adamellite 
sub-series, are not statistically significant. Zirconium 
in the Adamellite sub-series decreases rapidly with 
increasing silica, the appropriate equation being:-
Zr p.p.m. -13.92 Si02 + 1145.35 (r = -0.81)
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From this equation the zirconium content of the hypothetical 
acid parent with a silica content of 75*98 per cent is 
found to be 88 p.p.m., which is very similar to the 
previous estimate found from the titanium-zirconium 
relationship. The trend for the Adamellite sub-series is 
plotted in Fig. 5:13 as a dotted line, together with a 
vertical bar indicating the 95 per cent confidence level 
for the acid parent as being between 50 and 120 p.p.m. 
zirconium.
Although the regression equations for the other 
granites are not significant, if the average points for 
these granites are taken it is found that they lie close 
to a small number of lines radiating from the hypothetical 
acid parent. Consequently, it is concluded that what at 
first appears to be erratic behaviour of zirconium in 
these rocks is compatible with a hybrid origin, providing 
that the basic parent material is of variable composition, 
increasing in zirconium with increase in silica.
Barium
The data for barium presented in Fig. 5:1^ show 
strong similarities to the zirconium data. The basic 
rocks increase progressively in barium with increase in 
silica content, from about 97 p.p.m. in the gabbro to 
800 p.p.m. in the tonalites. The correlation coefficient 
for this trend is 0 .9 0 , and barium is similarly highly 
correlated with other major elements.
In contrast, the data for the granitic rocks is 
highly variable, there being no clearly discernible trend 
for barium in these rocks. The slight decrease with 
increasing silica content is not statistically different
o
00
,^-o' ,, ,7 o 1
+ ' //
r'/i
-6-cr' ^  /
\
\ © ö jO'^ 6
„V' ° %\
\
r  □
\
V  •
<3 •
8 ^ 0 *
\
\,
K
_ K
•%• •
ä••
/ \  x 
!* \
I \ \
\
< \
\
\
\
\
\
\
o
t/j
\
\
< \
\
« \J
•ard-d eg
Fi
gu
re
 
5:
1^
 
Si
li
ca
 -
 b
ar
iu
m 
va
ri
at
io
n 
di
ag
ra
m.
116
from a zero slope, nor is the correlation coefficient 
(“0.29) significant for this relationship. From Table 5**7 
it can be seen that not only is barium weakly correlated 
with the major elements, it does not correlate highly 
with any of the trace elements.
The regular increase of barium with increasing 
silica in the basic rocks is in keeping with an origin by 
fractional crystallisation, since it is generally 
considered that this element increases during the 
fractionation of basic magmas. This is undoubtedly the 
case for many fractionated tholeiitic intrusions (Nockolds 
and Allen, 1956). Further evidence for the enrichment of 
barium during fractional crystallisation is provided by 
the analyses of residual glasses from andesitic rocks 
(Ewart et al., 1968) which contain more barium than the 
total rocks. Gulson (1968) also records an increase in 
the barium content of gabbros and diorites, from about 
100 to 900 p.p.m. over a silica range similar to that of 
the Hartley rocks. Gulson, however, considers the 
diorites to have crystallised from a primary magma.
The differing behaviour of barium in the granitic 
and basic rocks implies that they cannot belong to the 
same magma series, and if the basic rocks are the product 
of fractional crystallisation, it also follows that the 
granitic rocks have not originated through the same 
process.
Nockolds and Allen (1953) record a steady increase 
in barium with increasing acidity in the rocks of the 
Southern Caledonides. However, they also record a rapid 
decrease in the barium content at the extreme acid end, 
and suggest that if fractionation had proceeded further
117
this might have been evident also in other series. There 
can be no question that barium increases with increasing 
silica in many calc-alkaline basalt-andesite associations 
and their plutonic equivalents. However, in the case of 
the granitic rocks the evidence is less consistent and 
major discrepancies occur. Most recent data on the 
behaviour of barium in granitic rocks conflict with the 
trends proposed by Nockolds and Allen (l953)> and al1 
show a regular decrease in barium with increasing acidity. 
Examples of this kind of relationship have been described 
by Kolbe and Taylor (1966) from the Snowy Mountains and 
Cape granites, by Chappell (1966) from the New England 
batholith, by Hall (1967b) from the Rosses Granite complex, 
and by Gulson (1968) from the granites of the Yeovil 
batholith. In addition to these, unpublished analyses of 
the writer*s from the Rum Jungle Complex and the Mount 
Shoobridge granite also exhibit a regular decrease in 
barium with increasing silica content. Kolbe and Taylor 
regarded this difference in the behaviour of barium in 
granites to be sufficiently well established to suggest 
that, contrary to the data of Turekian and Wedepohl 
(1961), low-calcium granites contain less barium than 
high-calcium granites.
Because of the importance of the Scottish Caledonides 
and the Southern California batholith to trace element 
geochemistry, and because of the apparently conflicting 
behaviour of barium in calc-alkaline plutonic rocks, it 
is desirable to examine the data for these classical areas 
more critically. Replotting the original data of Nockolds 
and Mitchell (19^8) on to a Harker variation diagram 
similar to Fig. 5 : ± h  but using a much reduced scale,
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reveals that barium contents of the rocks of the Scottish 
Caledonides are extremely irregular, particularly for 
silica values greater than per cent. This observation 
applies both to the data from the Garabal Hills - Glen 
Fyne complex and to the Scottish Caledonide rocks as a 
whole. In the writer1s opinion there is no justification 
for suggesting that barium follows a distinct trend in 
these rocks. In contrast, the basic, or "accumulative" 
rocks, exhibit a broadly linear increase in barium with 
increase in silica, and in this respect are similar to 
the Hartley basic rocks. If the data for the Hartley 
area are plotted at the same scale as Nockolds and Allens* 
data (see inset, Fig. ^:±h) the barium content of the 
rocks gradually increases with increasing silica content 
and finally decreases at the acid end in a manner 
similar to the Scottish Caledonide trend. In this way 
the contrasting behaviour of barium in the basic and 
granitic rocks has been obscured and the distinctly 
irregular behaviour of barium in the granitic rocks has 
been smoothed out, producing an apparently regular trend.
On the other hand, the data for the Southern California 
batholith exhibit a regular increase of barium with 
increasing silica, at whatever scale they are plotted, which 
is comparable in slope and absolute amounts to the trend 
for the basic rocks in the Hartley area. In summary, it 
is possible to suggest that barium behaves in three 
distinct ways. In calc-alkaline volcanic rocks, the 
Southern California batholith, and gabbro-tonalite series, 
barium increases with increasing silica. In most granitic 
rocks it either decreases with increasing silica, or is 
apparently irregular as in the Hartley granites and the 
Scottish Caledonides.
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Examination of individual Hartley granites shows 
that most are characterised by negative correlations 
between barium and silica, and that of these only the 
Adamellite sub-series is statistically significant.
These rocks form a pronounced linear trend decreasing in 
barium with increasing silica content. The calculated 
regression line for this trend, which is highly 
significant, is given by:-
Ba p.p.m. = -104.87 SiO^ + 8182.87 (r = -O.92)
and is plotted in Fig. 5:1 4 as a dotted line. From this 
equation it can be estimated that the hypothetical acid 
parent with a silica content of 75*98 per cent will 
contain 216 p.p.m. barium and at the 99 per cent 
confidence level could range between 47 and 362 p.p.m.
This range has been indicated in Fig. 5:14 by a vertical 
bar in the usual way.
Although most of the other granites are characterised 
by negative correlations between barium and silica, none 
are statistically significant. Because of this limitation 
it is necessary to postulate that the hypothetical acid 
parent is of similar composition for all the granites.
If this is the case, and if the barium content of the 
basic parent is variable, then a series of contamination 
trends radiating from the postulated acid parent should, 
account for the variation in the granitic rocks.
Allowing for the large assumptions, reference to 
Fig. 5:14 shows that most of the variation in the granitic 
rocks with the exception of two samples from the Sawpitt 
Diorite, can be accounted for in this way. It is surely 
not coincidental that the average values for seven
120
separate granites can be accommodated so closely to two 
radiating trends that are constrained to intersect at 
the hypothetical acid parent.
In the preceding hypothesis it is necessary to 
assume that the acid parent material, which is thought 
to have been formed through partial melting, contains 
only a small amount of barium, of the order of about 
200 p.p.m. Geological evidence for this assumption 
is conflicting. Thus Taylor et al. (1968), in a
comparison of the trace element chemistry of the Taupo 
rhyolites and the Snowy Mountains leucogranites, 
conclude that the rhyolites which contain 630 - 1080 
p.p.m. barium have been produced by partial melting 
and that the leucogranites containing 22 - 670 p.p.m, 
barium are the product of fractional crystallisation.
In contrast to this Bailey (unpublished Ph.D. thesis, 
1969) claims that the Elizabeth Creek granite, which 
is almost identical in chemistry to the Snowy Mountains 
leucogranites and contains about 60 - 500 p.p.m. barium, 
cannot be the product of fractional crystallisation 
since it is of enormous size, occupying over half of 
the total area of the Petford batholith. He suggests 
that this granite is the product of partial melting. 
Similarly, Hall attributes the formation of the granites 
of the Rosses complex to progressive partial melting 
and shows that the most acid rocks contain less than 
150 p.p.m. barium (Hall, 1967b).
Rubidium and K/Rb
Rubidium increases with increasing acidity in 
both the granitic and the basic rocks, the granites 
containing more rubidium at a given silica content
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than the basic rocks (Fig. 5:15)* This is a result 
of the more gradual increase in rubidium with increasing 
silica in the basic rocks compared with the granitic 
rocks. This difference in the slope of the two trends 
is statistically significant at the 99 per cent level. 
Despite this difference in slope the hypothetical 
diorite parent is not significantly different from the 
actual diorites, and the difference between the actual 
and hypothetical gabbros is only just significant at 
the 95 per cent level.
The granitic rocks increase in rubidium from about 
95 p.p.m. in the Sawpitt Diorite to about 220 p.p.m. 
in the Leucocratic and Biotite Adamellites. The 
calculated rubidium content of the acid parent is 208 
p.p.m. with a 99 per cent confidence interval between 
189 and 226 p.p.m. Abundances such as these are typical 
of granitic rocks in general (Heier and Adams 1964), 
most ranging between 100 and 250 p.p.m.
All the basic inclusions from the granites are 
enriched in rubidium relative to the regression line 
calculated for the granitic rocks. Such enrichment 
in rubidium of inclusions within granites and in country 
rock at granitic margins is a common phenomenon and has 
been described by Bowler (1959» referred to in Heier and 
Adams^ 1964), Farrand (i960), and Chappell (1966).
Rubidium in the basic rocks increases from about 
5 p.p.m.in the gabbros to about 60 p.p.m. in the 
diorites and tonalites. The correlation coefficient 
for this trend is 0 ,^/2 , Data for comparable rocks are 
not readily available; Heier and Adams (1964) present
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histograms showing that most gabbros contain less than 
10 p.p.m. rubidium and that diorites contain between 0 
and 150 p.p.m. More specifically, the diorites and 
gabbros associated with the Yeovil batholith (Gulson, 
1968) contain similar amounts of rubidium to the Hartley 
basic rocks, increasing from less than 3 p.p.m. in the 
gabbros to 40 p.p.m. in the pyroxene-mica-diorites.
In both the basic and granitic rocks, rubidium 
is moderately highly correlated with most major elements, 
but is very strongly correlated with potassium 
(Tables 5:7 and 5:8), and also with thorium in the 
granitic rocks. If the basic rocks are the product 
of fractional crystallisation, the association of 
rubidium with potassium, at higher levels of correlation 
than with other major elements, is to be expected. In 
the granitic rocks, which are postulated to be the 
products of hybridism, one would expect all elements 
that are highly correlated with one major element, to 
be correlated to a similar degree with other major 
elements. Inspection of Table 5:7 shows that other trace 
elements such as strontium, vanadium and zinc, all of 
which are frequently cited as showing strong coherence 
with particular major elements such as calcium in the 
case of strontium and iron and magnesium in the case 
of vanadium and zinc, are no more closely associated 
with these elements than with other major elements. It 
is suggested therefore that in the case of rubidium and 
potassium a certain amount of redistribution has taken 
place during the later stages of the granite formation. 
This interpretation may also apply to other ’mobile1 
elements such as sodium, lead, and uranium, all of which
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are poorly correlated with the major elements in the 
granitic rocks, and cannot be interpreted as being 
more adequately represented by several regression 
lines.
The strong coherence between potassium and 
rubidium has received considerable attention since 
the pioneering study of Ahrens et al. (1952) drew
attention to the uniformity of K/Rb ratios in 
meteorites and terrestrial igneous rocks. Subsequent 
investigations (Taylor et, al., 1956; Ahrens and 
Taylor, i960; Heier and Adams, 1964; and Taylor, 1966) 
have supported this observation and have proposed 
that the 'normal' K/Rb ratio in crustal rocks is 
230, with usual limits of I5O and 300.
In an excellent review of K/Rb trends, Shaw (1968) 
has shown that three principal patterns exist
A main trend defined by the sub-parallel 
behaviour of a wide variety of continental 
and oceanic rock types, and characterised 
by a gradual decrease in K/Rb ratios with 
increasing potassium and rubidium.
A trend characterised by K/Rb ratios 
decreasing from high values (3500) and 
merging with the main trend. This is 
typical for oceanic tholeiites and 
achondritic meteorites.
A trend characterised by extreme enrichment 
in rubidium relative to potassium which 
remains almost constant. This is typical 
of pegmatites and hydrothermal deposits.
(i)
(ii)
(lii)
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The relative behaviour oT potassium and rubidium 
in the Hartley rocks is similar to Shaw* s main trend, 
both Tor the granites and Tor the basic rocks. Both 
plot largely in the Tield oT ’normal’ K/Rb ratios, 
but exhibit a progressive decrease in the K/Rb ratio 
with increasing acidity (Fig. 5:16). The K/Rb ratios 
oT the granitic rocks decrease Trom about 267 in the 
Sawpitt Diorite to 178 in the Leucocratic and Biotite 
Adamellites. The average ratio Tor the granites as 
a whole is 207> slightly less than the accepted value 
Tor the continental crust. These relationships, which 
are illustrated in Fig. 5:16 where they are compared 
with the ’normal’ ratios, are represented by the 
Following equations. The relationship Tor the granitic 
rocks iss-
log Rb p.p.m. = 1.427 log K % + 1.466 (p = O.92)
The basic rocks have K/Rb ratios decreasing Trom an 
average oT 339 in the gabbros (calculated Trom the 
average K and Rb p.p.m. rather than the average ratio 
given in Table 5:6 which is strongly influenced by a 
single value of IO69) 1° about 211 in the most acid
diorites and tonalites, the average K/Rb ratio Tor these 
rocks being 220. The potassium-rubidium relationships 
Tor the basic rocks are given by the following equation:
log Rb p.p.m = 1.143 log K % + 1.632 (p = O.96)
The difference in the slopes Tor the granitic and basic 
trends is not significant.
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Strontium
Nockolds and Allen (1953) have presented data for 
calc-alkaline rocks, and have suggested that strontium 
may follow one of two trends, either increasing 
gradually with increasing silica and finally decreasing 
at the acid end as in the Scottish Caledonide trend, or 
else decreasing regularly from the basic to the acid 
end of the series as in the Southern California batholith 
and most other calc-alkaline series. Most recent 
investigations (Kolbe and Taylor,19^6; Chappell, 1966; 
Hall, 1967b; Ewart et al. , 1968 G-ulson, 1968) record 
a decrease in strontium with increase in acidity, and 
as far as the writer is aware, the Scottish Caledonides 
are the only example that departs from this trend.
The data for the Hartley rocks are plotted in 
Fig. 5:17» The main feature of this diagram is that 
although both the granitic and basic rocks decrease in 
strontium with increasing silica, the rate of decrease 
in the basic rocks is less than in the granitic rocks 
and there is a clear difference in the slopes of the 
two trends. This difference is significant at the 
99 per cent confidence level.
The basic rocks are widely scattered and strontium 
is only moderately correlated with silica (r = -O.63), 
Strontium is not highly correlated with any other 
variable in these rocks. Surprisingly, the highest 
positive correlations are with ferric iron and nickel, 
and the highest negative ones with thorium, yttrium and 
zirconium. The correlation with calcium is only 
moderate (r = O.56), which is in keeping with the
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observations of Turekian and Kulp (1956) that in basic 
igneous rocks strontium is independent of the calcium 
content,
In these basic rocks, the strontium content 
decreases from about 900 p.p.m. in the gabbros to 
about 600 p.p.m. in the tonalites. These values 
appear to be higher than for comparable rocks, thus 
Taylor (1969) gives average values of strontium in 
high-alumina basalt and andesite as 328 and 385 p*p.m. 
respectively. More specifically, Gulson records 
strontium ranging from 600 to 300 p.p.m. in diorites 
associated with the Yeovil batholith, and the data 
given by Summerhayes (1966) show that strontium 
decreases from about 800 p.p.m. in the gabbros to 
about 440 p.p.m. in the diorites of the Garabal Hill - 
Glen Fyne complex.
In the granitic rocks, strontium is linearly 
related to silica, decreasing from about 870 p.p.m, 
in the Sawpitt Diorite to about 100 p.p.m. in the 
most acid rocks. The correlation coefficient for this 
trend is -0.92, and, in contrast to the basic rocks, 
strontium is highly correlated with almost all of the 
major elements and many of the trace elements. The 
basic inclusions from the granites are notably lower 
in strontium compared with the equivalent granite 
composition. Similar depletion of strontium in basic 
xenoliths has been described by Chappell (1966).
Estimates of the hypothetical diorite and gabbro 
parent materials from the granite regression line, 
indicate that they are both richer in strontium than 
the appropriate basic rocks, and that the difference
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between them is highly significant in both cases. The 
calculated acid parent for the granitic rocks ranges 
between 154 and 262 p.p.m. strontium at the 99 pex’ 
cent confidence level, the average being 208 p.p.m.
Closer examination of Fig. 5:17 shows that these calculated 
limits do not include the most acid of the granitic 
rocks, thus suggesting that, despite the high correlation 
between strontium and silica, the granitic rocks might 
be more adequately represented by more than one trend.
It is of interest therefore to test whether 
individual regression lines for each granite are 
sufficiently similar to one another to be represented 
by a single regression line, or whether they should 
be considered separately. This problem is most 
conveniently approached using analysis of variance 
(Griffiths, 1967) rather than the t-test used for 
comparing only two regression lines. The appropriate 
data are:-
Source
of
Variation
D.F. Sum of Squares Mean Square Variance ratio, F.
Residual 
variance 
from common 
line
39 64753.3171 -
Residual
variance
from
individual
line
35 42978.7740 1227.9649
Difference 4 21774.5431 5443.6357 4.433
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Since the variance ratio, F, is larger than the 
tabulated F value at the 99 per* cent confidence level 
the hypothesis of a single common regression line must 
be rejected. Further testing shows that removal of 
either the Sawpitt - Avondale or the Adamellite sub­
series regression lines reduces the residual variance 
from a common line sufficiently for the remaining data 
to be represented by a single regression line. These 
two regression lines are plotted as dotted lines in 
Fig. 5:17i the relevant equation for the Sawpitt - 
Avondale trend being:-
Sr p.p.m. = -25.^9 Si02 + 2209-75 (r = -O.83)
and that for the Adamellite sub-series being:-
Sr p.p.m. = -53.61 Si02 + 4178.27 (r = -0.95)
The difference in slope between these two trends is 
very significant despite the small number of samples 
involved. A further feature is that both trends have 
differing strontium values for the hypothetical acid 
parent; these are 100 p.p.m, for the Adamellite sub­
series and 271 p.p.m. for the Avondale - Sawpitt trend.
These differences suggest that, despite an apparent 
similarity in the behaviour of strontium in the granitic 
rocks, subtle but significant differences are present 
which support the hypothesis that individual granites or 
groups of granites have originated independently, and 
if formed by hybridism have probably been derived from 
parental material of variable composition.
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Turekian and Kulp (1956) have shown that in granitic 
rocks strontium and calcium are strongly covariant, with 
strontium increasing with increasing calcium, both in 
individual batholiths and also when granites are 
considered as a whole. In the Hartley granites the 
relationship between calcium and strontium is very strong, 
the correlation coefficient being 0.94. The data are 
plotted in Fig. 5:18, together with data for the basic 
rocks. This diagram emphasises the pronounced difference 
between the granitic and the basic rocks, and also the 
fact that the granites are more adequately considered in 
terms of more than one regression trend. Regression 
lines for the Sawpitt - Avondale trend and the Adamellite 
sub-series are also plotted in Fig. 5:18 and the 
appropriate equations are: -
Sr p.p.m, = 87.66 CaO + 168.77 ( r = 0*94)
for the Avondale - Sawpitt trend, and:-
Sr p.p.m. = 171.51 CaO -20.83 (r = 0 .98)
for the Adamellite sub-series.
Both are extremely linear, and the difference in slopes 
is highly significant.
Lead
Lead values for the Hartley rocks are plotted 
against silica in Fig. 5:19« They are very scattered 
for both the granitic and basic rocks, with correlation 
coefficients of 0.48 and 0.59 respectively. In both
Sr p.p.m.
Figure 5:18 Calcium - strontium relationships.
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rock types lead is only moderately correlated with the 
major elements, but is more strongly correlated with 
niobium and rubidium in the granitic rocks and niobium 
and thorium in the basic rocks (Tables 5:7 and 5:8).
There is a gradual increase of lead with increasing 
silica in both the granitic and basic rocks. The former 
increase from about 10 p.p.m. in the Sawpitt and Avondale 
diorites to about 20 p.p.m. in the most acid rocks. The 
data are so scattered that identification of any sub-trends 
within the main trend is not possible. The basic rocks 
contain slightly less lead for a given silica content than 
do the granitic rocks, and increase from 2 p.p.m. in the 
gabbros to about 10 p.p.m. in the tonalites. These values 
are closely comparable with average values given by 
Wedepohl (1958) for similar rock types. He gives average 
values of 19, 15, 10 and 6 p.p.m. of lead in granites,
granodiorites, diorites and basalts respectively.
The difference in slope of the two trends is not 
significant, but the difference in their intercepts is 
probably significant. Although there is no significant 
difference between the actual diorites from the basic 
intrusions and the hypothetical diorite parent material, 
the difference between the calculated gabbro parent and 
the actual gabbro is highly significant. The calculated 
lead content of the acid parent material is 18.4 p.p.m, 
and the range at the 99 per cent confidence level is 
from 15 to 21 p.p.m.
Thorium and Uranium
In common with most calc-alkaline series there is 
a progressive increase of thorium with increasing silica
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for both the basic and granitic rocks in the Hartley 
area (Fig. 5:20). Both trends are moderately linear 
with correlation coefficients of 0.81 for the granitic 
rocks and O.87 for the basic rocks. Thorium increases 
more rapidly in the granites than in the basic rocks, 
and the difference in the slopes for the two trends 
is statistically significant at the 99 per cent 
confidence level. Despite this difference in the two 
trends, there is no significant difference between the 
thorium content of the calculated diorite basic parent 
and the actual diorites. However, the difference 
between the actual gabbro and the calculated gabbro 
is highly significant.
The abundance of thorium in the Hartley rocks is 
fairly normal, the average content of the granitic 
rocks being about 19 p.p.m., which compares closely 
with an average of 17 p.p.m, in 755 granitic rocks 
(Heier and Rogers, 1963)« More specifically, Larsen 
and Gottfried (i960) found that thorium in the Southern 
California batholith increased from 0.6 p.p.m. in the 
San Marcos Gabbro to about 8 p.p.m. in granodiorites, 
increasing to 19 p.p.m. in the most acid rocks. These 
values compare closely with the average values for the 
Hartley rocks (Table 5s6), with the exception that the 
Leucocratic and Biotite Adamellites are richer in 
thorium, with an average of 28 p.p.m., than any of the 
rocks analysed by Larsen and Gottfried.
The uranium data for the Hartley rocks are based 
on a small number of samples: 5 for the basic rocks 
and 36 for the granitic rocks. Consequently, regression 
equations and correlation coefficients have not been 
included with those listed for the other elements in 
Tables 5:7, 5:8 and 5:9-
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From Fig. 5:21 it is seen that although there is 
a regular increase in uranium with increasing silica 
in the basic rocks, no such relationship is apparent 
for the granitic rocks. The regression line for the 
basic rocks, is given by the equation:-
U p.p.m. = 0.152 Si02 - 6.79 (r = 0.97)
This trend is remarkably linear considering the small 
number of samples. The increase in uranium from 0.1 
p.p.m. in the gabbro to 2.3 p.p.m. in a quartz-rich 
diorite is comparable to data given by Larsen and 
Gottfried (i960) for the Southern California batholith 
and by Gulson (1968) for the gabbros and diorites 
associated with the Yeovil batholith.
The uranium data for the granitic rocks are highly 
variable, both between and within individual granites. 
The correlation of uranium with silica in these rocks 
is very low (r = 0.15) and no significant trend can be 
established. The rather erratic behaviour of uranium 
in comparison with thorium, particularly in the more 
acid rocks, has been commented on by several authors 
(Larsen and Gottfried, i960; Rogers and Ragland, 196l) , 
and has been attributed by these authors to secondary 
leaching of uranium following oxidation to the 
hexavalent state. Despite the erratic behaviour of 
uranium in the granite rocks, the average value of 
4.4 p.p.m. is very close to the average value of 4.7 
p.p.m. for 'siliceous igneous rocks' given by Clark 
et al. (1966).
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Heier and Rogers (1963) and Clark et al. (1966) have 
emphasised the close geochemical coherence of uranium, 
thorium and potassium, particularly in basic and 
intermediate rocks. The mean Th/K x 10^ ratio is 5*0 
for granitic rocks and 2.8 in basic rocks, while the 
mean U/K x 10^ ratios are 1.3 and 0.6 in granitic and 
basic rocks respectively. They give a mean Th/U ratio 
of 4.0 for both granitic and basic rocks.
4In the Hartley area the average Th/K x 10 ratios 
are 6.2 for the granitic rocks and 4.8 for the basic 
rocks. In both cases there is a progressive increase 
in the Th/K x lcA ratio with increasing acidity. This 
is particularly noticeable in the granitic rocks which 
increase from 4.3 in the Sawpitt Diorite to 7»1 in the 
Leucocratic Adamellite. The increase is less pronounced 
in the basic rocks, rising from 4.0 in the gabbro to 
5.3 in the diorites. Heier and Rogers (1963) record 
a similar increase in the Th/K x 10^ ratio with 
increasing acidity in the Southern California batholith.
/ 4Similar increases are not evident for the U/K x 10 
ratio. In both the basic and granitic rocks it is fairly 
scattered with an average value for both of about 1.4.
The Th/U ratio is also variable in both the basic and 
granitic rocks, and similarly there is no discernible 
relationship with the bulk composition of the rock.
The average Th/U ratios are 4.3 and 3*9 for the granitic 
and basic rocks respectively.
Niobium
*The niobium contents of both the granitic and basic 
rocks show considerable scatter, although both increase
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gradually with increasing silica content (Fig. $ : 22) ,
The correlation coefficients Tor these trends are 0.51 
Tor the granitic rocks and 0 .56 Tor the basic rocks.
The granitic rocks increase Trom about 10 p.p.m. in 
the Avondale and Sawpitt Diorites to about 20 p.p.m. 
in the most acid rocks. This range is comparable to most 
other granites which may range in niobium content between 
1 and 40 p.p.m, the average being 16 p.p.m. (Parker and 
Fleischer 1968). In the granites niobium is only weakly 
correlated with the major elements, but shows slightly 
higher positive correlations with such elements as lead, 
rubidium, thorium and potassium.
The niobium content oT the basic rocks appears to be 
slightly less than in granitic rocks oT comparable silica 
content, ranging Trom about 3 p.p.m.in the gabbros to 
about 8 p.p.m. in the diorites. The two tonalite samples 
contain less niobium than most oT the diorites, but 
because oT the considerable scatter it is doubtTul iT this 
is signiTicant. GottTried etal. (1967 ) record similar 
values Tor the Southern CaliTornia batholith, ranging 
Trom 4.7 p.p.m.in the San Marcos Gabbro to 7*4 p.p.m. in 
the Rubidoux Mountain Granite.
Niobium behaves diTTerently in the basic rocks, where 
it is more strongly correlated with yttrium, zirconium 
and lanthanum than with lead, rubidium, thorium and 
potassium. (Tables 5:7 and 5:8). It is interesting 
to note that although niobium is geochemically 
associated with titanium in minerals, and is concentrated 
in such titanium-bearing minerals as sphene, ilmenite 
and biotite (Znamenskii etal., 1957» Znamenskii et al. ,
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1962), it is only weakly correlated with titanium in 
both the granitic and basic rocks. This is in contrast 
with the strong coherence found between titanium and 
niobium in fractionated tholeiitic sills (Gottfried 
et al. , 1968). This contrast in the behaviour of 
niobium could be interpreted as indicating that 
titanium-bearing minerals have not been involved in 
fractional crystallisation in either the basic or the 
granitic rocks of the Hartley area.
Although in Fig. 5:22 the basic trend is lower in 
niobium than the granite trend for a given silica 
value, the differences between both the slopes and 
intercepts of these trends are not statistically 
significant. The calculated diorite parent material 
is also not signif Icantl}?- different from the actual 
diorites. But in the case of the gabbro parent, the 
difference of 3•  ^p.p.m. between the Cox’s River 
gabbro and the hypothetical gabbroic parent is highly 
significant.
Yttrium
The data for yttrium in both the basic and granitic 
rocks are scattered, and neither group exhibits a 
statistically significant trend (Fig. 5:23)»
The yttrium content of the basic rocks increases 
from about 8 p.p.m, in the gabbro to about 17 p.p.m. in 
the diorites, where it levels off. It may decrease 
towards the tonalites. The slope of this trend is not 
significant, and the correlation coefficient is also 
low (0.29). In these rocks, yttrium is poorly
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correlated with all the major elements, including 
calcium, and also with the other rare-earths. It is, 
however, moderately correlated with niobium, thorium 
and zirconium, all of which increase regularly with 
increasing acidity.
In the granitic rocks, yttrium is widely scattered 
both within and between individual granites. There is 
a slight decrease with increasing silica, but this is 
by no means significant. Yttrium is also poorly 
correlated in these rocks with the major elements, 
but it is,however, moderately correlated with zirconium, 
and, unlike the basic rocks, is also moderately 
correlated with cerium and neodymium.
The average yttrium content for the granites as a 
whole is 15*9 p.p.m. with a standard deviation of 4.1 
p.p.m. This value is considerably less than is common 
in granitic rocks. Haskin et al. (1966) give values
between 30 and 44 p.p.m. for three composite granites. 
The data from the Southern California batholith(Towell 
et al., 1963) are more comparable to the Hartley rocks,
ranging from 17 to 25 p.p.m. in three granitic rocks.
Examination of regression equations for individual 
granites shows that yttrium decreases with increasing 
silica in most samples, and that in some cases these 
individual trends are highly significant. This applies 
to the Hartley granodiorite and the Avondale - Sawpitt 
diorites which have correlation coefficients of -0.79 
and -O.9I respectively. These two trends are plotted 
in Figure. 5:23*
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It is possible, therefore, that the behaviour of 
yttrium in the granites is similar to that suggested 
for zirconium and barium, namely that the granite 
trend as a whole is a ’pseudo-trend’, and that the 
variation in each granite or group of granites is 
independent of the other granites. Applying this 
interpretation to the hybridism hypothesis demands 
that the acid parent, derived by partial melting, 
is low in yttrium, probably less than 10 p,p.m., 
and that it is contaminated by more basic material 
of varying composition. The meagre data for yttrium 
in other granitic rocks do not permit any assessment 
of whether or not this is a reasonable assumption.
Lanthanum
Fig. 5:24 shows that lanthanum increases linearly 
with increasing silica in the basic rocks from about
3 p.p.m.in the gabbros to 13 p.p.m. in the diorites
and 20 p.p.m. in the tonalites. A similar increase 
was found by Towell et ai. (19^5) in the Southern
California batholith, with lanthanum increasing from
4 p.p.m, in the San Marcos Gabbro to 13*4 p.p.m. in the 
Bonsall Tonalite and 25 p.p.m.in the Woodson Mountain 
Granodiorite. Both the Hartley rocks and those from 
the Southern California batholith appear to be low
in lanthanum in the more acidic rocks compared with 
average values given by Haskin et. al. (1966) and 
Taylor (1969)* However, the range given by Taylor 
for andesites, from 8 - 2 7  p.p.m., is close to the 
range for lanthanum in the Hartley diorites and 
tonalites.
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In the basic rocks lanthanum is moderately highly 
correlated with silica (0.77)> and exhibits strong 
negative correlations with some major elements. Among 
the trace elements, it is fairly highly correlated 
with cerium and to a lesser degree with lead, thorium, 
zirconium, praseodymium, barium, niobium and neodymium.
The lanthanum content of the granitic rocks is not 
related to the silica content, and although very 
scattered, remains roughly constant throughout the series.
The actual slope for the granite trend is slightly positive, 
although.not significantly different from zero. This 
contrasts with the other rare-earths examined, all of 
which have negative slopes. Similarly, examination 
of the individual granites shows that almost all have 
negative lanthanum slopes, although none are significant.
The average lanthanum content of the granites as a 
whole is 26.2 p.p.m. with a standard deviation of 6.9 
p.p.m. This value is considerably below the average 
values for lanthanum in granitic rocks given by Haskin 
et al. (1986) or by Taylor (1968), but is comparable to
values for the Woodson Mountain Granodiorite and 
Rubidoux Mountain Leucogranite, both of which contain 
25 p.p.m, lanthanum (Towell et al., 1966).
Unlike the basic rocks, lanthanum in the granitic 
rocks is poorly correlated with all other elements, 
including other members of the rare-earth group.
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Cerium
The data for cerium in the Hartley rocks are plotted 
in Fig. 5:25» where it is clear that the behaviour of 
cerium in the basic rocks differs from that in the 
granitic rocks.
In the basic rocks there is a progressive increase 
in cerium with increasing silica from about 15 p.p.m. in 
the gabbros to about 37 p.p.m. in the diorites and 50 
p.p.m. in the tonalites. The correlation coefficient for 
this trend is 0.90, and cerium is also correlated fairly 
highly with other major elements. Among the trace 
elements it is most highly correlated with lanthanum, 
barium and neodymium.
In the granitic rocks there is a slight decrease 
in the cerium content with increasing silica, but the 
slope of this trend is not significantly different from 
zero. The correlations between cerium and the major 
elements, including silica, are all very low, and none 
are significant. As was the case with lanthanum, cerium 
is only weakly correlated with most trace elements in 
these rocks, with the exception of neodymium, zirconium, 
praseodymium, yttrium and barium, with which it is 
moderately correlated.
Although the trend for cerium in the granitic 
rocks is not significant and the data are very 
scattered, the trend for the basic rocks is sufficiently 
well defined for the difference in slopes of the 
granitic and basic trends to be highly significant.
With the contrasting inter-element correlations, this 
provides further evidence that the basic and granitic
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rocks do not belong to the same chemical series.
Furthermore, if the increase in cerium and some of the 
other rare-earths in the basic rocks is a product of 
fractional crystallisation, it follows that the 
granitic rocks are unlikely to have originated by the 
same process.
The cerium content of the Hartley rocks compares 
closely with average values given by Taylor (1968) for 
various calc-alkaline rocks. Thus the values given 
by Taylor of 19 p.p.m, and 47 p.p.m. cerium for high- 
alumina basalt and granodiorite respectively are 
comparable to the range of cerium in the basic rocks, 
and Taylor’s average granodiorite (47 p.p.m.) and 
granite (57 p.p.m.) are close to the average for all the 
granites, which is 52 p.p.m. with a standard deviation of 
8 p.p.m. More specifically, rocks from the Southern 
California batholith range from l4.5 p.p.m. in the San 
Marcos Gabbro to 88 p.p.m. in the Rubidoux Mountain 
Leucogranite (Towell et al., 1966).
The distribution of cerium in the granite rocks is 
apparently erratic, and in this respect resembles the 
distribution of zirconium and barium, two elements with 
which it is moderately correlated. As with these elements, 
it is found that regression lines for individual granites 
or groups of granites are significant and are characterised 
by negative slopes which are markedly divergent from the 
granite trend as a whole. This suggests that the granite 
trend is in fact a ’pseudo-trend’ and that in these rocks 
the variation of cerium in each granite or group of 
granites is independent of other granites. These regression
lines have been plotted in Fig. 5: 25 > and although 
differences in the slopes are large, the general 
tendency for cerium to decrease with increasing silica 
is clear.
If a hybridism hypothesis is correct, this implies 
that several contamination trends have been produced, 
and that the acid parent material was of necessity low 
in cerium, and was contaminated by more basic cerium- 
rich material of differing composition. The scattered 
nature of these trends precludes the possibility of 
reliably estimating the cerium content of the acid parent 
(or parents), but it was probably less than 50 p.p.m.
As with yttrium, there is insufficient data available 
for other calc-alkaline series to assess whether this is 
a reasonable estimate for the cerium content of a granite 
magma.
Praseodymium
The data for praseodymium are presented in Fig. 5:26, 
where it is seen that there is little variation in the 
concentration of this element in either the basic or the 
granitic rocks.
In the granitic rocks the praseodymium content 
decreases slightly with increasing silica from about 
6 p.p.m, in the Sawpitt Diorite to about 4 p.p.m. in the 
Leucocratic Adamellite. Although the correlation coefficient 
for this trend is very low (-O.30) the slight negative 
slope is probably significantly different from zero. As 
was the case for lanthanum, praseodymium is poorly 
correlated with most elements, with the exception of 
cerium and yttrium with which it is moderately correlated.
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There is no apparent variation of praseodymium in 
the basic rocks, the average for the whole series being 
3.8 p.p.m. with a standard deviation of 1.6 p.p.m. In 
general, the basic rocks contain slightly less 
praseodymium than granitic rocks with comparable silica 
contents. Despite this difference, the difference in 
slopes for the two trends is significant, but the 
difference between both the hypothetical diorite and 
gabbro parents and the actual diorite and gabbro from 
the basic intrusions is highly significant.
The abundances of praseodymium in the Hartley 
rocks compare closely with similar rocks from the 
Southern California batholith, which range from 2 p.p.m. 
in the San Marcos Gabbro to 7 p#p.m. in the Woodson 
Mountain Granodiorite (Towell et al., 1965).
Neodymium
In the basic rocks neodymium increases from about 
8 p.p.m. in the gabbro to 13 p.p.m. in the diorites, where 
it levels off and may even decrease slightly towards the 
tonalites (Fig. 5:26). The slope of this trend is not 
significantly different from zero and the correlation 
coefficient is only 0.53» In these rocks neodymium 
is weakly correlated with most elements, but is moderately 
correlated with cerium, sodium and barium, all of which 
increase with increasing acidity.
The granitic rocks decrease in neodymium content 
with increasing acidity from about 19 p.p.m. in the 
Sawpitt Diorite to about 12 p.p.m, in the Leucocratic 
Adamellite. The correlation coefficient for this trend 
is -O.5O. In the granitic rocks, unlike the basic rocks,
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neodymium is moderately correlated with many of the 
major elements, and exhibits slightly higher 
correlations with yttrium and cerium.
Close examination of trends for individual 
granites and groups of granites shows that in both the 
Adamellite sub-series and the Avondale - Sawpitt 
diorites, neodymium is more highly correlated with 
silica than in the composite granite trend, with 
correlation coefficients of -0.68 and -0.73 
respectively, and that in both cases the slope is 
steeper than the granite trend as a whole. These two 
trends are illustrated in Fig. 5:26, However, an 
analysis of variance test, similar to the one used for 
strontium, shows that difference in slope between these 
two trends and the composite granite trend are not 
significant, and that as a consequence the neodymium 
variation in the granitic rocks is more adequately 
represented by a single regression line than by several 
independent lines.
The difference in slope of the granitic and basic 
trends is significant at the 99 per1 cent confidence 
level. Similarly, the neodymium content of the 
hypothetical diorite and gabbro basic parents is 
significantly greater than the neodymium content of 
the diorite and gabbro of the basic intrusions.
The fact that neodymium decreases in the granitic 
rocks has an important bearing on the interpretation 
of the behaviour of the other rare-earths in these 
rocks. Jt has long been assumed that the rare-earths 
are a strongly coherent group of elements, whose relative 
abundances are not greatly changed by normal geochemical
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processes. This assumption has received some support 
from the observation of Haskin and Haskin (1968) that 
although the rare-earths were increasingly concentrated 
during the fractionation of the Skaergaard intrusion, 
the relative abundances were not changed. In the Hartley 
granites only the elements neodymium and praseodymium can 
be shown to decrease with increasing acidity. The 
remaining rare-earths, yttrium, lanthanum and cerium are 
irregular in behaviour and have been interpreted as 
decreasing with increasing acidity in individual granites 
or groups of granites. If the assumption of the coherence 
of the rare-earths is accepted, it is difficult to 
reconcile the apparently erratic behaviour of the last 
three with the regular behaviour of neodymium and 
praseodymium, It is even more difficult to accept that 
in the rock series one of these elements, lanthanum, 
should apparently increase with increasing acidity while 
the others decrease or are erratic in behaviour. 
Consequently, the alternative hypothesis, that all the 
rare-earths decrease with increasing acidity in 
individual granites or groups of granites, and that the 
apparently erratic behaviour of some of these elements 
is a result of 1 pseudo-trends1 , seems to be more 
acceptable.
Vanadium
Fig. 5:27 shows that there is a strong linear 
relationship between vanadium and silica in the 
granitic rocks, with vanadium decreasing from about 
150 p.p.m. in the Sawpitt Diorite to about 1 p.p.m. in 
the most acid rocks. The correlation coefficient for
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this trend is -0.98. Vanadium is similarly highly 
correlated with most other major elements, and with 
zinc among the trace elements.
The regression line intersects the base line at a 
silica content slightly below that of the hypothetical 
acid parent estimated from the magnesium - silica 
regression equation. Since the estimate based on 
magnesium is known with slightly better relative 
precision than an estimate based on vanadium, the former 
has been adhered to throughout the discussion. As a 
consequence, the estimated acid parent contains no vanadium 
and has an upper limit at the 99 per cent confidence 
level of 12 p.p.m.
The vanadium content of the basic rocks is more 
scattered than that of the granitic rocks, decreasing 
from 250 p.p.m. in the gabbro to about 50 p.p.m. in the 
tonalites. The correlation coefficient for this trend 
is -0.93» In these rocks, in contrast to the granitic 
rocks, correlation of vanadium with most other major 
elements is only moderate, the strongest being with 
calcium and magnesium, and to a lesser degree with 
ferric and ferrous iron.
Although the difference in trend between the 
granitic and basic rocks appears slight in Fig. 5:27 
because both trends are well defined,the difference 
between the slopes for the two trends is significant 
at the 95 per cent level. Similarly, because the 
calculated diorite parent material of the granitic 
rocks is closely limited in composition, the small 
difference between it and the diorites of the basic
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intrusions is highly significant. The difference 
between the gabbro and the hypothetical gabbro parent 
is, however, not significant.
The vanadium contents of the Hartley rocks are 
very similar to other calc-alkaline series. This 
similarity is evident from a comparison of average 
values given by Taylor (1968). He lists vanadium 
averages for high-alumina basalt, andesite, granodiorite 
and granite as 250, 175, 75 and 40 p p.m. respectively.
In comparison, the Hartley gabbros contain an average 
of 249 p.p.m,,the diorites 135 p.p.m.*the granodiorites 
66 p.p.m., and the adamellites 25 p.p.m. More 
specifically, both the granite and basic trends compare 
closely with the trend of the Southern California 
batholith, and to a lesser extent with the more 
scattered trend of the Scottish Caledonides (Nockolds 
and Allen, 1953)» More recently, Baker (1968) has 
described typical calc-alkaline volcanic rocks from 
the island of St. Kitts which contain similar quantities 
of vanadium over the same silica range as the basic 
intrusions from the Hartley district.
In comparison with calc-alkaline vanadium trends, 
which are usually linear and similar to the Hartley trends, 
vanadium trends in tholeiitic sills, which undoubtedly 
reflect the processes of fractional crystallisation, are 
invariably curvilinear (Wager and Mitchell, 1951;
Nockolds and Allen, 1956), showing considerable vanadium 
depletion in the intermediate rocks. In some series, 
particularly those showing pronounced iron enrichment, 
such as the Skaergaard intrusion and the Dillsburg 
sill, there is a sharp increase in vanadium prior to
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its rapid depletion. This marked contrast in the 
behaviour of vanadium and other ferromagnesian 
elements in the calc-alkaline and tholeiitic series 
has led many authors (e.g. Wager and Mitchell, 1951) 
to suggest that the calc-alkaline rocks are not 
the product of fractional crystallisation but of 
contamination. This suggestion is in harmony with 
the hybridisation hypothesis postulated for the 
granitic rocks, but opposes an origin by fractionation 
for the basic rocks.
Examination of Fig. 5s27 shows that vanadium is 
enriched in the hornblendite relative to the gabbros, 
thus supporting the suggestion that this is a cumulative 
rock, and suggesting that a certain amount of fractionation 
has taken place. Furthermore, the trend for the basic 
rocks could be interpreted as being slightly curvilinear, 
increasing in vanadium at the basic end. In fact a 
hyperbolic relationship given by the equation:-
log (V p.p.m) = -3.891 log (S1 0 )  + 8.859 (p - -0.95)
and plotted as a fine dashed line in Fig. 5:27» gives 
a slightly better fit than the linear equation, 
increasing the percentage of variance explained by 
regression from 86 to 90 per cent. This increase 
suggests, but by no means proves that the data are 
best explained by a curvilinear relationship. Clearly 
more data are required, particularly at the low silica 
end of the curve, to establish such a trend convincingly.
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Chromium
In the Hartley rocks chromium is highly variable, 
but shows a progressive decrease with increasing silica 
content in both the basic and granitic rocks (Fig. 5:28).
Chromium in the basic rocks is less scattered than 
in the granitic rocks, decreasing linearly From 23 p.p.m. 
in the gabbros to 10 and 4 p.p.m. in the diorites and 
tonalites respectively. The correlation coeFficient 
For this trend is -0.74, and the correlation with most 
other major elements is oF a similar order oF magnitude. 
Turekian and Carr (i960) and Carr and Turekian (1962)
Found that chromium was strongly correlated with nickel 
in basalts and with magnesium in the granitic rocks.
In the Hartley basic rocks chromium is most strongly 
correlated with aluminium and vanadium, and to a lesser 
degree with magnesium (Table 5:8), and is only weakly 
correlated with nickel.
There is no suggestion in these rocks oF the strongly 
curvilinear trend For chromium that is so characteristic 
oF Fractionally crystallised tholeiitic rocks (Wager and 
Mitchell, 1951j Nockolds and Allen, 1956; McDougall and 
Lovering,1963)• The hornblendite, however, contains 
abundant chromium (l30 p.p.m.) in comparison with the 
gabbros (23 p.p.m.), supporting the suggestion that this 
is a cumulate rock.
The granitic rocks exhibit considerable scatter, 
mainly between, rather than within individual granites, 
but the data are not coherent enough to deFine separate 
regression lines For individual granites or groups oF 
granites. In general the granites contain between 30 
and 5 p.p.m. chromium, decreasing with increasing
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silica content, with a correlation coefficient of 
-O.52. In the granitic rocks, unlike the basic rocks, 
chromium is only moderately correlated with the major 
elements, but slightly more strongly with nickel, 
strontium and magnesium. Fig. 5:28 shows that the 
granites contain more chromium at a given silica 
content than do the basic rocks. Although the trends 
are sub-parallel, the difference between the intercepts 
for the two slopes is significant. Consequently, the 
diorites and gabbros from the basic intrusions contain 
significantly less chromium than the calculated diorite 
and gabbro parent materials.
The chromium content of the Hartley rocks is very 
low compared with other similar rock series and estimated 
averages for calc-alkaline rocks, particularly so for 
the more basic rocks. Nockolds and Allen (1953) show 
that the chromium contents of rocks from the Southern 
California h>atholith and the Scottish Caledonides 
decrease from 60 and 220 p.p.m. respectively to less 
than 2 p.p.m. in the most acid rocks. Similarly, Taylor 
(1968) records chromium values of l4o, 56 and 30 p.p.m 
for high-alumina basalt, andesite and granodiorite 
averages respectively. With the exception of the 
granodiorite these estimates are several times greater 
than the corresponding plutonic rocks from the Hartley 
area. The granitic rocks from Hartley range between 
0 and 30 p.p.m. chromium and compare closely with Taylor’s 
average granodiorite and the 'high calcium' (l6 - 22 
p.p.m. chromium) and 'low calcium' (3 - 4 p.p.m. chromium) 
granites of Carr and Turekian (1962).
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Manganese
In Fig. 5 '• 29 it can be seen that there is a strong 
linear relationship between manganese and the silica 
content of the granites, whereas in the basic rocks the 
distribution of manganese is relatively erratic. The 
appropriate correlation coefficients are -0.94 for the 
granitic rocks and -0.43 for the basic rocks. In the 
basic rocks manganese is most strongly correlated with 
total iron, ferric iron and magnesium among the major 
elements, and with vanadium and zinc among the trace 
elements. In the granitic rocks it is correlated strongly, 
and to the same extent, with almost all the major 
elements, and it also correlates strongly with zinc 
and vanadium.
Almost all of the basic inclusions associated with 
the granitic rocks are enriched in manganese relative to 
granitic rocks of the same silica content.
Cobalt
Cobalt has not been measured in the Hartley rocks 
because of contamination during sample preparation from 
cobalt in tungsten carbide grinding vessels. However, 
cobalt has been determined in coexisting minerals in 
several typical rocks for which modal analyses are 
available, and using this data it is possible to make 
an approximate estimate of the cobalt content of the 
rocks. As a check on the approach, the nickel content 
of the rocks was also estimated from the mineral analyses 
and the results compared with the measured values. The 
average deviation was found to be 0.6 p.p.m.
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In the granitic rocks, cobalt decreases with 
increasing silica from about 12 p.p.m. in the Sawpitt 
Diorite to about 1 p.p.m. in the Biotite Adamellite.
As was the case with nickel and chromium, the cobalt 
content of the Hartley granites is low compared with 
estimates from other calc-alkaline series. Thus 
Nockolds and Allen (1953) show that in both the Scottish 
Caledonides and the Southern California batholith, 
cobalt decreases from between 20 and kO p.p.m. to less 
than 5 p.p.m. over a similar compositional range to the 
Hartley granites. Also Taylor's averages (Taylor,
1968) for andesite and granodiorite are 2k and 10 p.p.m. 
cobalt respectively, about twice the amount present in 
the equivalent Hartley rocks.
Nickel
The nickel contents of the Hartley rocks are 
plotted against silica in Fig. 5 00» Two main points 
are readily apparent: the nickel content of both basic
and granitic rocks is very low; and for a given silica 
content the basic rocks contain less nickel than the 
granitic rocks.
The nickel content of the granitic rocks is 
linearly related to the silica content, with a 
correlation coefficient of -0.77» It is also correlated 
to a similar extent with most other major elements, but 
with slightly higher correlations with magnesium, 
chromium, vanadium and ferrous iron (Table 5:7)* The 
range in nickel content from about 10 p.p.m. in the 
most basic of the diorites to below the limit of 
detection (2.3 p.p.m.) is considerably lower than most
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published values for granitic rocks. Nockolds and Allen 
(1 9 5 3 ) show that nickel decreases from about 3 0 p.p.m. 
to less than 5 p.p.m. in the Southern California 
batholith. Similarly, in rocks from the Scottish 
Caledonides they report nickel values ranging from 
3 0 0 p.p.m. to less than 10 p.p.m., with a range from 
80 to less than 10 p.p.m. from diorite to acid granites. 
More recently, Kolbe and Taylor (1 9 6 6 ) found that in 
the Snowy Mountains granites nickel decreased from 
3 0 p.p.m. in granodiorites to less than 2 p.p.m. in 
leucogranites.
The basic rocks contain even less nickel than the 
granites for a given silica content, decreasing from 
about 9 p.p.m. in the gabbros to about 3 p.p.m. in the 
diorites and tonalites. The hornblendite is enriched 
in nickel compared to the gabbros, containing 36 p.p.m., 
and this provides further evidence for a cumulative 
origin for this rock. The gentle slope of the 
regression line for the basic rocks is not significantly 
different from zero and the correlation coefficient is 
-0.40. The basic rocks also differ from the granitic 
rocks in that correlations between nickel and most 
major elements are low. The highest correlation is, 
surprisingly, with strontium (0.77)» and there are 
lesser correlations with magnesium, gallium and ferrous 
iron.
The difference in slope for the basic and granitic 
regression lines is significant at the 99 per cent 
confidence level - further evidence suggesting that 
these rocks do not belong to the same magmatic series. 
Also, the hypothetical diorite and gabbro parent
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materials are significantly higher in nickel than the 
appropriate rocks from the basic intrusions.
Taylor (1968) and Taylor et al. (1969) have drawn 
attention to the low nickel contents of high-alumina 
basalts (25 p.p.m. average) and andesites (.18 p.p.m. 
average), and have utilised this data to suggest that 
the small difference in the average nickel contents of 
these two rock types preclude the derivation of 
andesites by fractional crystallisation of high-alumina 
basalts. They also suggest that andesites are not 
produced by contamination of acid material with high- 
alumina basalt since the similarities in the nickel 
content do not allow the amount of contamination 
necessary to satisfy the major element requirements.
Both these arguments are pertinent to the origin of the 
Hartley rocks and the problems under discussion.
From the relatively linear relationships between 
nickel and silica in both the granitic and basic rocks 
(Fig. 5:30) it is clear that a hybrid origin for both 
rock types is possible, and the arguments of Taylor and 
his co-workers (Taylor, 1969; Taylor et al. , 1969) 
must be rejected for these rocks. In the case of the 
granitic rocks, the basic rocks exposed in the area are 
an unsatisfactory parent material, but a gabbro 
containing between 12 and 20 p.p.m. nickel would be a 
perfectly suitable source material.
Turning to the question of fractional crystallisation, 
it is well known that the fractionation of tholeiitic 
basalts results in a rapid decrease in the nickel 
content in the early stages (Wager and Mitchell, 1951;
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Nockolds and Allen, 1.956; McDougall and Lovering, 1963)* 
In the Hartley basic rocks, which are postulated to be 
the product of fractional crystallisation, such a 
decrease is not obvious although there does appear to 
be a change in slope in the most basic rocks which 
could be interpreted in this way. As with vanadium, 
many more samples would be required to establish such 
a curvilinear relationship. It is perhaps interesting 
to note that the nickel trend for the rocks from the 
Mt. Misery Volcano (Baker, 1968) shows a similar 
gentle decrease at the basic end, then remains almost 
constant throughout the rest of the series at about
2 - 4 p . p . m.
A further factor to be taken into account is that 
the Cox’s River gabbro is depleted in nickel relative 
to tholeiitic and alkali basalts and even to high- 
alumina basalts, containing between 7 and 11 p.p.m. 
nickel, and has probably been strongly fractionated 
prior to emplacement (Taylor et al . , 19 & 9 ) •
Consequently, further fractionation of the gabbro is 
unlikely to reduce the nickel content to any marked 
degree. A similar argument can be applied to the 
average data given by Taylor et al. (1969)» and
therefore Taylor's objections to the fractionation 
hypothesis on the basis of nickel contents do not. seem 
realistic either for the Hartley rocks or for 
calc-alkaline rocks in general.
Copper
The copper content of both the granitic and basic 
rocks is extremely erratic, and can vary by as much as
155
45 p.p.m. in the same rock type. In general there is 
a decrease in the copper content with increase in silica 
in both the granitic and basic rocks, the basic rocks 
tending to contain less than granitic rocks of similar 
silica content (Fig. 500) •
The average abundances in the various rock types 
tend to be much less than published estimates of 
average copper contents of calc-alkaline rocks. Thus, 
the granitic rocks contain 1.6, 4.5 and 21 p.p.m. 
copper in averages for adamellite, granodiorite and 
diorite respectively, in. comparison with average values 
for granite, granodiorite and andesite (Taylor, 1968) 
of 10, 25 and 54 p.p.m. respectively. The basic rocks
are also low in copper, the gabbro containing 26 p.p.m. 
in comparison with an average of 35 p.p.m. suggested by 
Taylor (1969) for high-alumina basalt. Similarly, 
the diorites contain an average of 12 p.p.m. copper in 
comparison with a range of 40 - 60 p.p.m. for 
andesites (Taylor, 1968)„
Zinc
The data for zinc in the Hartley rocks are plotted 
against silica in Fig. 5:31» From this diagram it is 
clear that zinc is linearly related to silica, 
decreasing regularly from about 80 p.p.m. in the 
Sawpitt Diorite down to about 15 p.p.m. in the most 
acid Leucocratic Adamillite. The correlation coefficient 
for this trend is =0.93 and a single regression 
equation is adequate to represent the variation in the 
different granites. Zinc is also strongly correlated 
with most other major elements, and also with vanadium 
and strontium.
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The zinc content of the basic rocks is extremely 
scattered and exhibits no systematic relationship with 
silica (Fig, 5 0  L) • The slight negative slope listed 
in Table 5:9 is not significantly different from zero, 
nor is the correlation coefficient of -0.50» Although 
not significantly correlated with silica, zinc in these 
rocks is moderately correlated with manganese, 
magnesium, ferric iron and titanium,
The difference in trends between the granitic and 
basic rocks is significant, as are the differences 
between the zinc contents of the calculated diorite and 
gabbro basic parents and the diorite and gabbro of the 
basic intrusions.
Abundance data for zinc in granitic and calc- 
alkaline rocks is scarce, probably owing to the 
difficulty of determining this element in low 
concentrations by routine optical emission spectrography 
(Ahrens, 1955)» The main data is from Wedepohl (1953) 
and Turekian and Wedepohl (1961). These authors 
recommend 105 p.p.m. for zinc in the average basalt,
60 p.p.m. for "high-calcium'' granite and 39 p.p.m. for 
"low-calcium" granite, The zinc content of the Hartley 
rocks is of a similar order, containing an average of 
31 p.p.m. in the adamellites, 47 p.p.m, in the 
granodiorites, and between 40 and 80 p.p.m. in the 
various diorites. The gabbro has an average zinc 
content of 75 p.p.m, It is clear from the data of 
Wedepohl (1953) that in granites in general the zinc 
content decreases with increasing acidity from about 
85 p.p.m, to 1 p.p.m., in a similar fashion to the 
Hartley granites.
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Gallium
The data for gallium in the Hartley rocks are 
plotted in Fig. 5:24. In the granitic rocks gallium 
decreases slightly with increasing silica from about 
18 p.p.m, in the Sawpitt Diorite to 15 p.p.m. in the 
most leucocratic of the adamellites. The calculated 
gallium content of the acid parent material is 15»2 
p.p.m., ranging between l4.5 and 15*9 p.p.m. at the 99 
per cent confidence level. Despite the gentle slope, 
with an overall decrease of only 3 p.p.m., the high 
precision attainable for this element enables a 
significant regression relationship to be established 
(Table 5:9)*
The basic xenoliths associated with the granitic 
rocks are all highly enriched in galli.um relative to 
granitic rocks with the same silica content. This is 
in complete contrast to aluminium, which tends to be 
depleted in the xenoliths.
The gallium content of the basic rocks is roughly 
constant at about 18 p.p.m. throughout the entire 
series; consequently, the slope for the basic trend is 
not significantly different from zero. The hornblendite 
is depleted in gallium relative to the other rocks, 
which is presumably a reflection of its low aluminium 
content (about 9 per cent).
The difference in slopes for the two trends is not 
significant, nor are there any significant differences 
between the calculated basic diorite and gabbro 
parents and the actual diorite and gabbro.
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The gall.Dim content of the Hartley rocks is 
similar both in absolute amounts and in trends to gallium 
distributions found elsewhere. Thus the average gallium 
content of the granitic rocks is l6,4 p.p.m. and the 
average Ga/Al x 10^ ratio is 2 .08 , in comparison with
an average of 18.1 p.p.m, given by Burton et al. (1959)
4 “for granites with an average Ga/Al x 10 ratio of 2.35»
More specifically, the Hartley granites are closely
comparable to the granites from the Scottish Caledonides
(Nockolds and Allen, 1953) in which gallium decreases
with increasing acidity from 2 0 p.p.m. to 1 5 p.p.m.4The average Ga/Al x 10 ratio for these rocks is 2.00.
Most authors consider that gallium is strongly 
coherent with aluminium, and that there is little
/ 4change in the Ga/Al x 10 ratio within a particular 
rock series (Nockolds and Allen, 1953; Burton et al.,
1959; Taylor, 1 9 6 6 ). In the Hartley granites this 
ratio increases slightly with increasing acidity, 
rising from an average of 1 . 9 2  in rocks containing 55  
per cent silica to 2 . 2 0  in rocks containing 7 5 per cent 
silica. In terms of the correlation coefficient, 
gallium is no more highly correlated with aluminium 
than with any other major element, which is to be 
expected if these rocks are of hybrid origin.
DISCUSSION OF THE DIFFERENCES BETWEEN THE GRANITIC AND 
BASIC ROCKS
The trends for the basic and granitic rocks 
overlap, both in rock types and in bulk composition, 
as is evidenced by the silica content, which ranges from 
5 5 to 75 per cent in the granitic rocks and from 45 to
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67 per cent in the basic rocks. Consequently, as has 
been pointed out previously, differences in trends for 
these two rock types can be taken as strong evidence 
that they belong to separate geochemical series.
In the preceding section it has been established 
that for the following elements there is a significant 
difference in the slopes relative to silica of the 
granitic and basic rock trends:-
Ti, Ca, Na, Sr, Rb, Th, Ce, Nd, V, Ni, Zn,
most of which are significantly different above the 99 
per cent confidence level, with the exception of 
vanadium which is significantly different at the 95 
per cent level.
Similarly, it has been established that although 
the trends for the following elements do not differ in 
slope, they differ in intercept and are therefore 
sub-parallel. These elements are:-
Al, K, Pb, Cr.
A further consequence of these differing trends is that 
if the rocks are considered as a single series, 
certain element ratios do not vary gradationally, but 
change abruptly from the basic to the granitic diorites. 
This is illustrated by the Ni/Mg and K/Rb ratios; both 
decrease from the gabbro to the basic diorites, 
increase in the granitic diorites and then progressively 
decrease to the more acid granites. Similarly, the 
ferrous/ferric iron ratio increases in the basic rocks 
from the gabbro to the diorites, then decreases 
abruptly in the granitic diorites and continues to 
decrease further with increasing acidity.
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The most acid of the basic rocks, and therefore the 
one that is most directly comparable with the granitic 
rocks, is the tonalite from the Cox’s River intrusion 
(Anal. 915 Table 5 ' . h ) . This rock is completely 
different in composition from any of the granitic rocks. 
The Lowther Creek Granodiorite and Hampton Granodiorite 
are closest in composition to the tonalite, but are 
considerably higher in potassium and rubidium, and 
lower in calcium, sodium and aluminium.
A further feature to be considered is the 
contrasting behaviour of certain elements in the granitic 
and basic rocks. For example, zirconium, barium and 
cerium all increase linearly and regularly with 
increasing silica in the basic rocks, whereas in the 
granitic rocks they behave in a random manner. If the 
hypothesis is correct that this random behaviour is 
only apparent, and is in fact a consequence of several 
separate granite trends, then the contrast in behaviour 
becomes even more marked, since these particular trends 
all decrease with increasing silica. Cerium does in 
fact decrease in the granites with increasing silica 
both in the individual granite trends and in the 
composite or ’pseudo-trend’, in contrast to the steady 
increase of this element in the basic rocks.
Conversely, phosphorus decreases linearly in the 
granitic rocks with increasing silica, whereas in the 
basic rocks it is erratically distributed.
In the discussion of the individual elements, it 
was noted that even when a trend is linear in both the 
basic and granitic rocks, the basic rocks are more 
scattered and the correlation coefficients
I6l
correspondingly lower. This greater scatter is also 
reflected in the higher variances of the elements in 
individual rock types in the basic rocks in comparison 
with the granitic rocks.
Additional evidence illustrating the contrasting 
behaviour of elements in these two rock types is 
provided by the element inter-correlations. Thus in 
the granitic rocks, if an element is highly correlated 
with one major element, it will also be correlated at 
a similar level with most of the other major elements 
(Table 5:7)» The basic rocks on the other hand are 
characterised by discrete associations of particular 
major elements which are only weakly correlated with the 
other major elements (Table 5:8).
In summary, the chemical data provides considerable 
evidence to suggest that the granitic and basic rocks 
do not belong to the same coherent geochemical series. 
Further, the contrasting behaviour of many of the 
elements in terms of trends, variances and inter­
correlations is in the writer’s opinion a reflection 
of the fact that different processes have been 
operative in the production of the two rock series.
DISCUSSION OF FRACTIONATION IN THE BASIC ROCKS
Despite the fact that there are many examples of 
calc-alkaline rock series, both volcanic and plutonic, 
that are claimed to have originated by fractional 
crystallisation (e.g. the Southern California batholith 
(Larsen, 19^8), the Scottish Caledonides (Nockolds and 
Mitchell, 19^ -8), the Sano stock (Yajima, 196l) , the
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Japanese hypersthenic rock series (Kuno, 1968a), none 
have been conclusively shown to have originated in this 
way, and all may be subject to alternative 
explanations. Thus Hamilton and Anderson (1967) when 
discussing the calc-alkaline trend state, ’The problem 
would be simplified a great deal if a single 
differentiated intrusion could be found which exhibited 
this trend. As it is only suites of rocks, successive 
extrusives, etc. follow this trend, and all major 
differentiated bodies show the iron enrichment trend’.
The Hartley basic rocks, particularly the Cox's 
River intrusion, provide substantial field and 
petrographic evidence indicating that fractional 
crystallisation has played a part in the origin of 
these rocks. The question whether this evidence is 
supported chemically, and whether fractionation in situ 
can account for the chemical variation of these rocks 
is the subject of this section.
From a qualitative viewpoint the chemical 
variation of the Hartley basic rocks is completely in 
accord with a fractional crystallisation origin. Thus 
the extremely low ferric/ferrous iron ratios of the 
gabbro and diorite provide evidence that these rocks 
may have crystallised under high partial pressure of 
oxygen, according to the model proposed by Osborn 
(1959, 1962, 1969) for the derivation of the calc- 
alkaline rocks by fractional crystallisation of 
basaltic magma.
Similarly, the behaviour of individual elements in 
the basic rocks is completely in accord with a
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fractional crystallisation origin. There is a 
progressive increase with increasing silica of such 
elements as sodium, potassium, rubidium, lead, barium, 
thorium, uranium, niobium, cerium and lanthanum. In the 
case of yttrium and neodymium, there is a significant 
increase from the gabbro to the diorites, but the trend 
as a whole is not significant. All of these elements 
are known to increase with increasing acidity in rocks 
that have clearly originated through the processes of 
fractional crystallisation. Of particular importance 
in this instance is the increase in zirconium, barium 
and the rare-earths with increasing acidity, since in 
the associated granitic rocks these elements are 
irregular in behaviour or decrease with increasing 
silica. Evidence has been presented previously, 
suggesting that of these elements both zirconium and 
barium are depleted in partial melts (Chao and 
Fleischer, I960; Chappell, 1966; Hall, 1967b.) and as a 
consequence of this would tend to decrease with 
increasing silica in rocks that are the product of 
hybridisation or progressive partial melting. This 
would therefore tend to preclude such an origin for the 
Hartley basic rocks.
Most of the remaining elements such as titanium, 
aluminium, iron, manganese, magnesium, calcium, 
strontium,vanadium, chromium, copper, nickel and zinc 
decrease progressively with increasing acidity, a 
feature which is not only characteristic of rocks 
formed by fractional crystallisation but also of most 
other magmatic rock-forming processes. In many 
fractionated tholeiitic series, some of these elements,
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such as iron, nickel, chromium and vanadium?are 
characterised by pronounced curvilinear trends (Nockolds 
and Allen, 1956; McDougall and Lovering, 1963)» In the 
Hartley basic rocks these elements, although 
scattered, vary linearly, with the possible exceptions 
of the vanadium and nickel trends, which can be 
interpreted as decreasing in the gabb.ros before 
flattening off over the rest of the trend (Figs. 5:27, 
5 : 30) .
It has been argued previously that the reason that 
there is no clear evidence for a curvilinear nickel trend 
is that the gabbro has been strongly fractionated and 
depleted in nickel prior to emplacement, so that further 
fractionation can have little effect on the nickel 
variation. The same argument can also be advanced to 
account for the low content and linear trend of 
chromium in these rocks. Evidence for the fractionation 
of the gabbro prior to emplacement includes, in 
addition to the extremely low nickel and chromium 
contents, the low magnesium content, high aluminium 
content, and the low nickel/magnesium ratio. The high 
aluminium values are a reflection of the high 
plagioclase content of these rocks, and whether one 
accepts the hypothesis of Yoder and. Tilley (1962) that 
fractionation of basalt under relatively high water 
vapour pressure will tend to produce high-alumina 
basalts, or the hypothesis of Green et al. (1967) that
the latter are produced by fractionation of olivine- 
tholeiite at 9 kb., the result is the same: strong
fractionation will lead to enrichment in plagioclase 
and aluminium.
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In the case of vanadium there is another reason 
for the linear or almost linear trends. The curvature 
of the vanadium trend in tholeiitic rocks is related to 
the process of iron enrichment, both iron and vanadium 
increasing with fractionation as removal of magnesium 
olivines and pyroxenes enriches the magma in these 
elements, then, falling rapidly with increasing 
fractionation, presumably as a result of the 
precipitation of magnetite. In calc-alkaline rocks, 
however, according to the fractionation hypothesis 
proposed by Osborn (1952, 19^2, 1969) the high partial 
pressure of oxygen results in the continuous 
crystallisation of magnetite with the consequence that 
iron enrichment does not occur, and iron decreases 
linearly. Thus vanadium, which is strongly coherent 
with iron in both tholeiitic and calc-alkaline rocks, 
must therefore decrease linearly also.
A feature of fractional crystallisation which 
distinguishes it from other magmatic processes such as 
progressive partial melting or hybridism is that it is 
the mineralogy which controls the rock composition. As 
a consequence of this, evidence that certain minerals 
have influenced the behaviour of an element or 
elements in the series can be taken as further 
evidence of fractional crystallisation.
It has been noted earlier that in the basic rocks 
the variances of the elements are higher than in the 
associated granitic rocks, and trends are more 
scattered with lower correlation coefficients. Such 
observations accord with a fractionation origin for 
these rocks, since random sampling of a fractionated
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series is likely to include rocks in which certain 
minerals are accumulated or removed. Evidence has been 
presented in. the petrography section that the 
clinopyroxene, orthopyroxene, plagioclase, apatite and 
magnetite content of the gabbros is variable, even in 
the same outcrop. This has been interpreted as being 
a result of local crystal accumulation.
The claim that fractionated rock series plot on 
smooth curving trends (Nockolds and Allen, 1953) cannot 
in fact be substantiated. Examination of variation 
diagrams for intrusive rock series that have 
undoubtedly originated by fractional crystallisation 
shows that although the estimated liquid compositions 
plot on smooth curves, actual rock analyses are 
usually scattered about these curves. The classical 
example of this is the Skaergaard intrusion where, as 
has been repeatedly stressed by Wager and Brown (1968), 
the rock analyses do not define smooth curves. In 
contrast to this, it has been shown that hybridism 
should give strongly linear trends. Consequently, it 
is suggested that the scattered trends of the Hartley 
basic rocks are not the product of hybridism but are 
further evidence supporting a fractional crystallisation 
origin for these rocks.
A further characteristic of the element behaviour 
in these rocks is that the major elements are not 
uniformly inter-correlated, as in the granitic rocks, 
but tend to correlate in groups which can be 
interpreted, as resulting from mineralogical control.
As an example, most of the ferromagnesian elements, 
together with silica and calcium, are correlated with
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each other to a similar degree, All of these elements 
are to be found in the ferromagnesian minerals pyroxene, 
hornblende and biotite, and would therefore be 
expected to vary uniformly. In contrast, ferric iron, 
which is predominantly concentrated in magnetite, and 
to a lesser degree in the ferromagnesian minerals, does 
not correlate strongly with the other ferromagnesian 
elements. Similarly, aluminium is predominantly 
concentrated in plagioclase and is highly correlated 
with calcium and silica, but not with the ferromagnesian 
elements. In the granitic rocks, such grouping of 
elements does not occur, and all the elements 
mentioned above are highly correlated with one another 
to a similar extent.
The most acid of the basic rocks is the tonalite 
(Anal. 91> Table 5 : k ) , containing about 67 per cent 
silica. If these rocks are the product of fractional 
crystallisation, then this particular rock is probably 
close in composition to the last residual liquid,
From the work of Tuttle and Bowen (1958) on the 
NaAlSio0Q - KAlSio0Q - Si0o - Ho0 system, and from
J O 5 ®  <£. et
deductions made by Carmichael (1963) concerning 
crystallisation of magmatic liquids in the four 
component system quartz - orthoclase - albite - 
anorthite, it is to be expected that fractional 
crystallisation of basic and intermediate magmas will 
proceed towards the quartz - feldspar cotectic on the 
orthoclase - albite - quartz side of the system, 
somewhere on the albite side of the ternary minimum. 
Should fractionation be sufficiently extreme, the 
composition of the liquid will finally move along the
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cotectic towards the ternary minimum, Fig. 503 shows 
that the tonalite plots close to the quartz - feldspar 
cotectic at 500 - 1000 kg/cm water vapour pressure, on 
the albite - quartz side of the ternary minimum.
Although the tonalite does not satisfy the arbitrary 
requirement that the sum of normative quartz, 
orthoclase and albite should exceed 80 per cent (the 
actual sum is 70.2 per cent) the relative position of 
this rock is in keeping with the suggestion that it has 
been derived from a more basic magma by fractional 
crystallisation.
From the preceding discussion it is clear that 
there is considerable qualitative chemical evidence 
supporting an origin by fractional crystallisation for 
the basic rocks. As has been mentioned previously, 
much of the field and petrographic data suggests that 
fractionation in situ has occurred in the Cox’s River 
intrusion, and that the hornblendite is a cumulate 
rock resulting from crystal fractionation. The chemical 
data provide further support for the theory of a 
cumulative origin of the hornblendite (Anal. 105» Table 
5:4) in that it is considerably enriched in such 
elements as iron, magnesium, titanium, nickel, 
chromium and vanadium relative to the gabbro and 
depleted in aluminium, gallium, calcium, strontium and 
sodium. It is also slightly enriched in the elements 
potassium and rubidium and the rare-earths, which on 
first sight appears rather unusual. However, if the 
hornblende is not a primary cumulate mineral, as 
textural evidence suggests, but has replaced original 
pyroxene while maintaining equilibrium with the magma
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by means of the pore fluid, then it is to be expected 
that these elements would become concentrated in the 
developing hornblende.
In attempting to assess quantitatively whether 
removal of material, similar in composition to the 
hornblendite, from the gabbro magma can give rise to a 
liquid of dioritic composition, it is necessary to know 
the composition of the original gabbro magma. 
Unfortunately this is not available, and therefore the 
average composition of the gabbros will be taken as a 
best approximation (Table 5:6). It is at once clear 
that the small difference between the silica content of 
the gabbro and of the hornblendite necessitates that 
large quantities of hornblendite have to be removed to 
produce a diorite with an average silica content of 
54.5 per cent. Moreover, the high magnesium content 
of the hornblendite compared with the gabbro limits the 
amount that can be removed to not much more than 40 per 
cent, if the resulting residual magma is not to be 
completely without magnesium. If, therefore, 30 per 
cent of material of hornblendite composition, which is 
close to the maximum amount that can be removed, is 
arbitrarily subtracted from the gabbro, the resulting 
rock has the following chemical and normative 
composition:-
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S102 - 45.82$
Tl°2 1.05$
A 12°3 - 25.25$
Fe2°3 4.38$
FeO 4.98$
MnO 0.15$
MgO 2.98$
CaO - 1 2 .70$
Quartz 
Orthoclase 
Plagio clas e 
Clinopyroxene 
Orthopyroxene 
Magnetite 
Ilmenit e 
Apatit e
N a 2 0  - 2 .31$
K O  - 0 .02$
1IO
O
C
M
O
h 0.2 5$
V 152 p .p . m.
M n 706 p.p.m.
Cr 0 p.p.m.
Ni 0 p.p.m.
Zn 57 p.p.m.
0 .27$
0 .12$
78.01$ An?4_g
2.34$
10.08$
6.35$
1.99$
0.59$
Clearly this is not a diorite, but a plagioclase - 
rich rock, or anorthosite, containing subordinate amounts 
of pyroxene, magnetite and ilmenite, which closely 
resembles the plagioclase - rich layers of the banded 
gabbro. Therefore, it must be concluded that 
precipitation of material similar in composition to the 
hornblendite from the gabbroic magma is not an adequate 
mechanism to produce the diorite, but is a localised 
phenomenon giving rise instead to the plagioclase-rich 
layers characteristic of the layered gabbro.
Approaching the problem from the other direction, 
and taking the average gabbro and diorite (Table 5*6) as
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approximate representatives of the two magmas, the 
composition of the material that has to be removed from 
the gabbro to produce diorite can be estimated. Several 
elements such as potassium, rubidium, barium, zirconium 
and thorium place severe restrictions on this composition, 
since all intersect the silica axis at silica values not 
much below that of the gabbro. If potassium only is 
used, as has been customary in similar discussions of 
this nature, the estimate of the most basic material 
that can be removed will be in error, being much more 
basic than that estimated from the trace elements.
The most basic composition that can be subtracted 
from the gabbro to give a diorite magma contains 44.5 per 
cent silica and has the following chemical and 
normative composition:-
Si02 - 44.50$ Ba 69 p.p.m.
Ti02 1.20$ Rb 0 p . p . m.
A 1 2°3 - 20.87$ Sr - 876 p.p.m.
Fe2°3 4.71$ Pb 1 p . p . m.
FeO 6.83$ Th 0 p . p . m.
MnO 0.18$ Zr - 4.8 p . p . m.
MgO 6.10$ V - 261 p . p . m.
CaO - 12.67$ Cr 24 p.p.m.
Na20 1.87$ Mn - 1007 p . p . m.
k 2° 0.20$ Ni 10 p.p.m.
To tal. Iron - 12.30$
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Quartz 
Orthoclase 
Plagioclase 
Clinopyroxene 
Orthopyroxene 
Olivine 
Magnetite 
IJmenite
0 .0#
0.41#
63-93# An?6tl
10.41# 
8 o 91# 
5.73# 
6.8 3# 
2.28#
The calculation shows that 90 per cent of this 
crystalline aggregate has to be removed from the parent 
gabbro material to produce 10 per cent of diorite magma.
It would appear that removal of such a large amount of 
material precludes the possibility that fractionation 
has occurred in situ, and if it has occurred, must have 
done so at depth.
There must be some uncertainty concerning the 
actual composition of the parental gabbro magma, 
and small changes in this estimation will have considerable 
effect on the quantity of cumulate material that has to be 
removed. Thus, if the parent gabbro was similar to sample 
104 (Table 5»4) containing 46.96 per cent silica, only 
75 per cent of the crystalline aggregate would be 
required to be removed to achieve the same results. Both 
Osborn (1959) and Kuno (1968b) have suggested similar 
mechanisms for obtaining andesites from high-alumina 
basalts and have estimated the composition of material 
that has to be removed to produce basaltic andesites, 
and both have arrived at compositions similar to the 
one given above for the Hartley rocks, although in each 
case the starting material was less»ba.sic than the Hartley 
gabbro and less material needed to be removed.
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Kuno has also estimated the composition of 
materials that must be removed from successive magmas 
to produce the full range of the hypersthenic rock series«, 
It is of interest to note that the analysis he gives for 
the average andesite - dacite, which he estimates is 
produced by solidification of 9^ per cent of the parent 
magma, is closely similar to the tonalites from the 
Cox5 s River intrusion.
One of the major criticisms of the hypothesis of 
fractional crystallisation under high partial pressure 
of oxygen for the derivation of calc-alkaline rocks is 
that, * there is little or no field evidence for an 
association of opaque mineral-rich mafic crystalline 
residue with the development of the calc-alkaline 
series' (Green and Ringwood, 1968), The preceding 
discussion has shown that, in the case of the Hartley 
rocks, it would be impossible to remove such a 
residuum because of the constraints imposed by the trace 
elements rubidium, thorium, lead, barium and zirconium, 
and that therefore the required compositional change 
from gabbro to diorite must be achieved by the removal 
of a large quantity of crystalline residue not greatly 
different in composition from the parent magma„
Removal of material, of this composition overcomes the 
problem concerning the excessive depletion of vanadium 
in intermediate rocks such as andesite or diorite if 
large quantities of magnetite are removed (Taylor et al., 
1969)= These authors state that to account for the 
four per cent difference in total iron between an
174
average high-alumina basalt and andesite requires the 
removal of relatively large quantities of magnetite, 
with the consequence that the vanadium content of the 
andesite will be reduced to well below the average 
value. They conclude therefore that the similarity in 
vanadium content of average high-alumina basalt and 
andesite precludes the possibility that calc-alkaline 
rocks are derived from high-alumina basalts by 
fractional crystallisation.
It is clear from the preceding discussion, and 
from the calculations of Osborn (1959) and Kuno (1968b) 
that precipitation of magnetite alone from a high-alumina 
basalt magma cannot give rise to andesite magmas, and 
that considerable quantities of other constituents such 
as plagioclase and pyroxene have to be precipitated also. 
The effect of removing these minerals, particularly 
plagioclase, will be to increase the vanadium content 
of the residual liquid, thus partially compensating for 
the removal of magnetite, and resulting in linear or 
only slightly curvilinear trends. In the Hartley rocks 
the difference in magnetite content of the parent 
gabbro magma and the proposed crystal residue is very 
small, the consequence of which is that even the 
removal of a large quantity of this residue decreases 
the vanadium content by only about 114 p.p.m.
CHEMICAL ASPECTS OF HYBRIDISM IN THE GRANITIC ROCKS
Discussion of basic xenoliths
Nockolds (1933) has discussed the behaviour of 
basic xenoliths in granite magmas and has stated that
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during the contamination of the granite magma with 
xenolithic material, the xenoliths are also modified in 
composition, either by mechanical injection of granitic 
magma into the xenoliths, or by processes of diffusion, 
which he termed 'reciprocal reaction*. He also states 
that the xenoliths do not necessarily acquire a 
composition intermediate between that of the original 
basic material and the surrounding magma. This implies 
that diffusion processes have been largely predominant, 
since injection of granitic material would give rise to 
linear variation trends, similar to those for the 
granitic rocks and corresponding to the mixing of the 
basic parental material and the granite magma.
In the Hartley rocks, both processes appear to have 
operated; many elements plot close to the granitic 
variation trends, while others, including major as well, 
as trace elements, are clearly depleted or enriched in 
the xenoliths relative to the granitic rocks. Most of 
the xenoliths are enriched in titanium, manganese, 
sodium, rubidium, zirconium, cerium and gallium. Some 
xenoliths are enriched in the other rare-earth elements 
such as yttrium, lanthanum and neodymium, In contrast, 
the only elements in which the basic xenoliths are 
clearly depleted are aluminium, strontium and chromium. 
The remaining elements either behave linearly, or are 
sufficiently scattered to obscure any tendency towards 
enrichment or depletion.
The reason for the enrichment in certain elements 
and depletion in others in basic xenoliths is not clear. 
Neither the elements that are concentrated nor those 
that are reduced in amount are characterised by
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geochemical coherence in other* processes, nor are the 
two groups related to either the acid or basic parental 
materials. It could be argued that the apparently 
irregular behaviour in the basic inclusions is a 
reflection of the tendency for certain minerals to form 
in these inclusions, Unfortunately, the present data 
do not allow any conclusions to be made regarding these 
problems.
Summary of element behaviour
In the preceding section discussing the behaviour 
of the elements, the contrast in the behaviour of the 
elements in the basic and granitic rocks has been 
emphasised; and it is sufficiently distinct to suggest 
that not only do these two rock types not belong to the 
same coherent geochemical series, but that they have 
originated through entirely different processes. The 
behaviour of the elements in the granitic rocks can be 
considered in three main categories;-
(i) Highly linear and strongly correlated
(ii) Linear with moderate correlations
(iii) Apparently scattered.
(i) A large number of elements fall into this 
first category, including silica, titanium, aluminium, 
ferric iron, ferrous iron, total iron, manganese, 
magnesium, calcium, phosphorus, strontium, vanadium and 
zinc. All of these behave in a strongly linear manner 
and are highly correlated with each other, the average 
of their 78 possible inter-element correlations being 
0 . 0.010 at the 99 per cent confidence level. The 
most striking feature of these inter-element
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correlations is that they are completely independent of 
normal element associations, and there is no obvious 
geochemical reason why many of these element pairs 
should be so strongly correlated. Phosphorus and 
aluminium exemplify thiss one is almost entirely 
concentrated in the mineral apatite while the other is 
a major constituent of many of the rock-forming 
minerals. It is difficult to envisage any process other 
than mixing that could give rise to such distinct 
linear relationships and to inter-element correlations 
which are so clearly independent of geochemical 
associations.
(ii) The elements in this group, sodium, 
potassium, rubidium, lead thorium, niobium, neodymium, 
chromium, nickel, copper and gallium, are characterised 
by essentially linear but moderately scattered 
relationships with both silica and the other elements of 
the preceding group. A consequence of this is that 
although the correlations of these elements with 
elements of the first group are only moderate, for a 
particular element they are remarkably constant, with 
the element in question correlating to the same extent 
with all of the elements of the preceding group. 
Similarly, many are equally correlated with one another. 
This apparent regularity is contrary to what one might 
intuitively expect, since these relationships appear to 
be independent of recognised geochemical affinities. 
Thus, for instance, there is no reason to expect that 
gallium would be correlated as highly with zinc and 
phosphorus as it is with aluminium or ferric iron.
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Many of these elements are present in low 
concentrations (e.g. nickel, chromium, copper, gallium), 
and do not vary markedly in concentration throughout the 
granite series. In such cases small errors in 
determination or irregularities in distribution could 
give rise to low or moderate correlation coefficients 
despite an obvious linear relationship. An excellent 
example of this is gallium. Fig. 5*24 shows a definite 
linear relationship with silica, yet since the overall 
change in gallium concentration is only about 3 p.p.m., 
it follows that even small analytical errors will 
result in low or moderate correlations. Therefore, for 
these elements, the fact that they are uniformly 
correlated both with one another and to a similar 
extent with elements in the preceding group, can be 
taken as further evidence for a hybrid origin of these 
rocks. The moderate correlations are the result of 
analytical errors at low concentrations, which are 
particularly accentuated if there is little variation 
in the concentration of an element in the granite 
series.
Within this group of elements there are, however, 
several elements that, although moderately and 
uniformly correlated with the major elements and with 
other elements of the first group, must be considered 
separately. These elements, sodium, potassium, 
rubidium, thorium, lead and niobium, are relatively 
abundant and cannot therefore be moderately correlated 
because of analytical problems or small variations in 
abundance. They are also characterised by higher 
inter-correlations with each other. This is particularly
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well illustrated by potassium, rubidium and thorium, 
which correlate moderately and to the same extent with 
all other elements, but are highly inter-correlated 
themselves. Lead and niobium also illustrate this 
pattern, but to a lesser degree. Sodium and uranium are 
exceptions in this respect, both being moderately 
correlated with most elements of these two groups, but 
highly correlated with none of them.
This kind of relationship, in which geochemical 
affinities have influenced the inter-correlation of 
elements, is not compatible with the hybridisation 
hypothesis, in which all elements should be equally 
correlated, and is at variance with the behaviour of 
most other elements. Consequently, it is suggested that 
these particular elements, all of which are noted for 
their ’mobility’ in geological processes, have probably 
been involved in a certain amount of redistribution 
during the later stages of the granite formation.
(iii) The third group of elements includes 
zirconium, barium, yttrium, cerium, lanthanum and 
praseodymium, all of which are characterised by very 
low correlation coefficients with almost all other 
elements, except for some members of the same group.
When plotted against silica these elements appear to be 
completely random, in contrast to their behaviour in the 
basic rocks where they all increase linearly with 
increasing silica.
When individual granites are examined, it is found 
that in most cases these elements are negatively 
correlated with silica, and although many of these
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trends are not statistically significant, others are 
highly significant and moderately to strongly linear. 
These observations have been interpreted as indicating 
that the apparent scatter or weak trends for these 
elements when plotted against silica are in reality 
* pseudo-trends’ , and that individual granit es or groups 
of granites can be regarded as lying on a series of 
separate trends in which these elements decrease with 
increasing silica.
In the introduction to the chemistry section it was 
suggested that hybridisation involving more than one 
basic parent could result in several contamination 
trends, and that this effect would be most marked if the 
element concerned exhibits contrasting behaviour in 
fractional crystallisation and partial melting. Thus, 
if the basic parents belong to a fractionation series 
characterised by a progressive increase in these 
elements, and if the acid parent, formed by partial 
melting, is depleted in these elements, then 
contamination trends similar to those postulated are to 
be expected. Evidence has been cited earlier suggesting 
that both zirconium and barium do exhibit this 
contrasting behaviour, and are depleted in acid melts.
In the case of the rare-earth elements, there is 
insufficient systematic data available to decide 
whether this is a realistic hypothesis or not.
Other evidence supporting the interpretation of 
this data as a series of separate trends decreasing with 
increasing silica includes:-
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(i) Both barium and zirconium have been shown 
to decrease regularly with increasing silica 
in other granitic rocks (Chappell, 1966; 
Kolbe and Taylor, 1966; Hall, 1967b).
(ü) The lighter rare-earths are considered to 
behave coherently during geological 
processes. Consequently, if the multiple
trend hypothesis is not accepted, it must be 
concluded that yttrium, lanthanum and cerium 
all of which are highly scattered^have for 
some unknown reason behaved differently 
from praseodymium, which decreases 
irregularly with increasing silica.
(iii) Other elements which are strongly linear in 
their behaviour indicate the presence of 
more than a single trend for the granitic 
rocks. Thus, titanium and phosphorus 
when plotted against silica follow two very 
distinct trends. Similarly, it has been
shown by means of analysis of variance that 
although strontium is strongly correlated 
with silica and calcium, it is more 
adequately considered as several closely 
related trends rather than as a single trend
(iv) If these elements are erratic in behaviour, 
then one might expect other, more ’mobile’ 
elements such as rubidium, lead and 
thorium to exhibit similar erratic 
distributions.
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In conclusion, it must be stated that although 
this particular hypothesis cannot be proved, because of 
the restricted compositional range of individual 
granites and the relatively small number of samples per 
granite, it offers an explanation which is consistent 
with postulated hybridisation relationships, and which 
is not inconsistent with the behaviour of the other 
elements. If this hypothesis is rejected, then the 
alternative, that for some unknown reason these 
elements are erratically distributed in the granitic 
rocks, must be accepted.
Composition of the postulated acid parent
The composition of the hypothetical acid parent has 
been estimated by substituting the silica value 
(75*98 per cent) at which the magnesium regression line 
cuts the silica axis into the regression equations for 
most of the other elements (Table 5*9)* This defines 
the most acidic rock possible for the Hartley granitic 
rocks, and the fact that the estimated silica content 
is very similar to the most acid of the Leucocratic 
Adamellites suggests that it is not an unreasonable 
estimate.
In addition, the regression relationships have been 
used to estimate upper and lower confidence limits for 
the average of each element. These limits at the 99 per 
cent confidence level are given in Table ^ill, together 
with the calculated average values. The elements that 
are not linearly related to silica cannot be estimated 
in this way, and for these,regression lines for 
individual granites have been used to place approximate
. ^2
. 
Ch
em
ic
al
 c
om
po
si
ti
on
 o
f 
th
e 
po
st
ul
at
ed
 a
ci
d 
pa
re
nt
a
<0
H30 
o\
3)d
W
-p
a
H
Itg
H
1
\tft
&
183
limits to the maximum content of these elements in the 
acid parent.
Examination of Table 5:11 shows that the estimated 
acid parent is very low in most elements other than 
quartzo-feldspathic constituents. This is illustrated 
by reference to the CIPW norm:-
Quartz - 36.3% Corundum - 0 .8 7 $
Orthoclase - 2 7 .2% Magnetite - 0.39$
Albit e - 2 9 .9$ Hematite - 0.24$
Anorthite 3 .6% Ilmenite - 0 .1 9$
Apatite - 0 .0 5$
The relative proportions of normative quartz,
orthoclase and albite are plotted in Fig. 5?33>
together with plots of these constituents in fourteen
analysed granites in which the sum of quartz, orthoclase
and albite is greater than 80 per cent. Fig. 5*33» which
is a projection of the system NaAlSi^Og - KAlSi^Og -
SiO,^  - H^O (Tuttle and Bowen, 1958), also includes the
quartz - feldspar cotectics and the ’ternary minima’ at
2500, 1000, 2000, 3 0 0 0 and 4000 kg/cm water vapour
pressure. From this diagram it can be seen that the 
acid parent plots close to the ternary minima at 5 0 0 and 
1000 kg/cm water vapour pressure, as do the actual rock 
analyses. Most natural acid granites tend to plot on 
the orthoclase side of the isobaric minimum, and it has 
been suggested that this is a consequence of their 
anorthite content (Kleeman, 1 9 6 5 )• The fact that the 
estimated acid parent, together with the most acid 
Hartley granites, plot so close to the ternary minima 
can be attributed to their low anorthite content.
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The close correspondence in the positions of the
postulated acid parent, the actual granites, and the
ternary minimum indicates that some type of crystal-
liquid equilibrium was involved in the formation of the
acid parent. This can be interpreted in one of two ways:
the acid parent is either the product of fractional
crystallisation or of partial melting (Tuttle and Bowen,
1958). The fact that fractional crystallisation can
produce liquids of comparable composition to the ternary
minimum is attested to by the analyses of glass in
tholeiitic rocks from the Makaopuhi lava lake (Evans
and Moore, 1968). However, for an acid magma to attain
the composition of the ternary minimum through
fractional crystallisation it is necessary that
fractionation should have been extreme, and it seems
unlikely that large volumes of rock such as the Redfern,
Lett, Biotite and Leucocratic Adamellites, all of which
plot close to the ternary minimum, could have originated
through this process. Contrast these large volumes of
rock with the insignificant amount of tonalite in the
Cox's River intrusion. This rock is believed to have
fractionated from the diorite and yet it had only just
approached the quartz-feldspar cotectic when
fractionation ceased. Consequently, it seems reasonable
to assume that the acid parent is the product of partial
melting of pre-existing rocks at a low water vapour
2pressure of about 500 - 1000 kg/cm .
The major element content and proportions of 
normative minerals are comparable to those for a similar 
postulated acid parent for the Moonbi granites 
(Chappell, 1966). These estimates are compared in
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Table 5^12, together with the calculated compositions
/ 2of the ternary minima at 500 and 1000 kg/cm water vapour 
pressure. Also included is an analysis of the residual 
glass in tholeiitic rocks from the Makaopuhi lava lake 
(Evans and Moore, 1968). The strong similarity between 
these analyses points to the fact that partial melting 
of pre-existing rocks and the fractional crystallisation 
of basic magmas can lead to a similar product. This 
supports the suggestion that partial melting of basic 
material at low water vapour pressures is a potential 
source of acid magmas.
The trace element content of the hypothetical acid 
parent is also in accord with a partial melting 
hypothesis; it is high relative to the granites as a 
whole in such elements as rubidium, lead, thorium and 
niobium, and is low in strontium, gallium, vanadium, 
chromium, copper, nickel and zinc.
The abundances of the elements barium, zirconium, 
yttrium and the lighter rare-earths in the hypothetical 
acid magma are of major importance in attempting to 
establish that this parent material is the product of 
partial melting. Unfortunately, the estimates of these 
abundances are at the best sketchy and subject to the 
assumption that they decrease with increasing silica in 
individual granite trends. Despite these uncertainties 
it can be stated that,of these elements, neodymium 
definitely decreases with increasing silica in the 
granites, and that the estimated content in the acid 
parent must be close to 12 p.p.m. Furthermore, certain 
individual granites do exhibit clear, linear trends in 
which these elements decrease with increasing silica,
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and therefore a hypo thetica.1 acid parent for these 
individual trends must contain lower amounts of these 
elements than the granites as a whole. In contrast to 
this, all of these elements are thought to increase in 
a melt progressively with fractional crystallisation.
This is illustrated by data for the Skaergaard 
intrusion (Wager and Brown, I968; Haskin and Haskin, 
1968), all of these elements being markedly concentrated 
in the acid granophyres, and, less comprehensibly, in 
other fractionated tholeiitic intrusives described by 
Nockolds and Mitchell (1956).
Hall (1967b) considers the granites of the Rosses 
Granite complex to be the products of progressive partial 
melting and has shown that both zirconium and barium are 
low in the most acid of the rocks, which contain less 
than 150 and 60 p.p.m. respectively. Similarly,
Chappell (1966) has commented on the low barium 
(386 p.p.m.) and zirconium (87 p.p.m.) content of the 
postulated acid parent magma of the Moonbi granites.
The rhyolites from the Taupo volcanics are considered by 
Ewart et al. (1968) to be the product of partial melting
of sedimentary rocks. The residual glasses from these 
rocks plot close to the ternary minimum and are low in 
zirconium (98 p.p.m.) relative to the rhyolites and to 
the other rocks of the series. Barium, on the other 
hand, is not depleted in either the residual glass or 
the rhyolite, and averages about 87O p.p.m.
Systematic data for yttrium and the rare-earths 
are not readily available and similar comparisons cannot 
be made. However, Joyce (pers. comm.; unpublished Ph.D. 
thesis) has found that the most acid granites of the
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Murrumbidgee batholith (with, about 75 - 78 per cent 
silica) contain less of these elements than do the more 
basic granites. In these rocks he records less than 25, 
10, 3 0 , 5 and 10 p.p.m. for yttrium, lanthanum, cerium,
praseodymium and neodymium respectively, all of which 
are very similar in content to the estimated acid parent 
of the Hartley granites.
This contrast in the behaviour of these elements in 
the most acid liquid relative to the rock series as a 
whole, is considered to be further evidence supporting 
a partial melting origin for the postulated parent of 
the acid melt, and it is suggested that in more 
favourable examples these particular elements may prove 
to be useful indicators of the origin of acid magmas.
Discussion of hypothetical basic parents
The basic parent, or parents, of the Hartley 
granitic rocks must have average compositions which lie 
on the regression lines of those elements that are 
linearly related to each other. The exact position 
cannot be known but it must be above 47.5 per cent silica, 
since this is the value at which the rubidium 
regression line intersects the silica axis. As a 
consequence of this, the regression equations 
(Table 5*9) can be used to calculate the composition of 
an average hypothetical basic parent at a suitable 
silica content. Moreover, the regression relationships 
can be used to estimate confidence levels for these 
average values at given probability levels.
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If the hybridisation in the granites is of local 
origin, with the acid parental magma being contaminated 
with basic material similar in composition to that in 
the basic intrusions, then the difference between these 
basic rocks and hypothetical basic parents calculated 
from the regression equations at corresponding silica 
contents, should not be significant. Consequently, in 
Table 5:10, hypothetical basic parents with silica 
contents corresponding to those of the average diorite 
and gabbro from the basic intrusions are compared with 
the actual rock compositions, and the significance of 
the differences between them estimated by means of the 
t - test. In this table comparisons have been made 
only for those elements that are linearly related with 
silica, and the silica content of the diorite is not 
that of the diorites as a whole but of the most 
abundant diorite which has a silica content of 53*14 per 
cent. It will be noticed that the calculated gabbro 
parent has negative values for both rubidium and 
thorium. This is clearly not realistic, and is an 
indication that the gabbroic basic parent would have to 
contain more silica, at least 47*5 per cent, than the 
actual gabbro from the Cox’s River intrusion.
From Table 5:10 it is evident that there are many 
significant chemical differences between the actual 
basic rocks and the calculated and basic parents, and 
that neither the gabbro nor the diorite can qualify as 
suitable parental basic material for the granitic 
series. This fact provides further evidence supporting 
the conclusion that the basic and granitic rocks do 
not belong to the same geochemical hybrid series, and
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also reinforces the suggestion that contamination of the 
granites is not accidental and of local origin, but is 
probably cognate, occurring close to the source of 
origin of these rocks.
It has been suggested in previous sections that 
the granitic rocks may not consist of a single 
contamination series, but of several such series, all 
of which will have basic parental material of different 
compositions. This hypothesis is based on the 
homogeneity of individual granites and upon the fact 
that individual granites or groups of granites require 
separate regression lines for the elements titanium, 
phosphorus and strontium; also upon the fact that the 
apparently erratic behaviour of zirconium, barium, 
yttrium and the rare-earths makes more sense if 
interpreted in this manner.
If this hypothesis holds, estimation of the 
composition of the basic parent, or parents, of these 
rocks is an impossible task with the data available. A 
few broad generalisations are possible, however.
Whatever assumptions are made concerning the multiple 
trend hypothesis, the strong linearity and inter­
correlation of many elements requires that the basic 
parent material should lie somewhere on the regression 
trends for these elements. The exact position cannot be 
known, and the possibility must be considered, that 
there could be several basic parents, ranging in 
composition from gabbro to granodiorite. The calculated 
hypothetical gabbro and diorite basic parents listed in 
Table 5 s10 are two such possibilities, although it must 
be pointed out that a gabbroic basic parent would have
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to be slightly less basic than that listed in Table 
5:10, to compensate Tor the negative rubidium and 
thorium values. Both these rocks are Tairly typical oT 
calc-alkaline rocks in general, and, providing only the 
linearly inter-related elements are considered, it is 
apparent that a basic parent or parents oT the granitic 
rocks would probably Tall within this compositional 
range.
The two distinct regression trends Tor both 
phosphorus and titanium, together with the diTTering 
strontium trends Tor some granites, require that 
whatever the overall composition oT the basic parent, 
there would have to be a certain amount oT 
inhomogeneity in the distribution oT these elements to 
account Tor these separate trends. It is also necessary 
in this model to assume that the elements zirconium, 
barium, yttrium and the rare-earths are erratically 
distributed throughout the basic parental material, and 
are not systematically related to the other elements.
In this way, iT it is assumed that the various granites 
have been produced by contamination oT an acid melt by 
this basic material at diTTering levels, then the 
various trends in the granitic rocks, or the lack oT 
them, can be accounted Tor.
IT the elements zirconium, barium, yttrium and the 
rare-earths are in Tact linearly related to silica, and 
hence to the other elements, in individual granites or 
groups oT granites, then the composition oT the basic 
parent material must be diTTerent Tor each oT these 
trends. There are two alternatives to consider:-
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(i) The basic parental material may be of 
uniform composition with respect to the 
major elements and most of the trace 
elements, but extremely variable in these 
particular elements. In this case, 
contamination will have to take place at 
different levels within the basic parental 
material, giving rise to separate trends for 
zirconium, barium, yttrium and the rare- 
earths, and relatively uniform trends for 
most other elements. This suggestion does 
not seem to be plausible since, if the 
basic parent was of dioritic composition 
with a silica content of about 53 per cent, 
the zirconium content would have to range 
between 150 and 500 p.p.m., and the barium 
content between about 700 and 2,800 p.p.m.
In the case of the most basic gabbro 
possible, with a silica content of 47*5 per 
cent, these values would be even higher, 
ranging from 150 to 650 p.p.m. for 
zirconium and 850 and 3>500 p.p.m. for 
barium. Similarly large ranges have to be 
postulated for the other elements also.
(ii) An alternative proposition is that the basic 
parent is variable, ranging from gabbro or 
basic diorite to granodiorite in composition. 
A characteristic feature of the separate 
granitic trends for these elements is that 
the most acid trends require a greater 
concentration of these elements in the basic
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parent. Since all of these elements 
increase in the basic rocks with increasing 
acidity, a series of fractionated basic 
parents varying in composition in a similar 
manner to the basic rocks of the Hartley area 
would satisfy these requirements. Thus, the 
more basic granites would result from the 
contamination of an acid melt with gabbroic 
or dioritic material containing small 
concentrations of these elements, whereas 
the more acidic granites would be produced 
by contaminating the acid melt with dioritic 
or granodioritic material in which these 
particular elements are relatively enriched.
As was suggested in the introduction to 
this chapter, it is only with elements that 
exhibit contrasting behaviour in fractionation 
and partial melting that these multiple 
trends can develop. In the case of most 
other elements, the fractionation trend of 
the basic parental material is towards the 
acid melt, and the result of contaminating 
this acid melt with basic material of 
different compositions along this trend will 
be to produce several contamination trends 
that cannot be resolved from each other 
except in the most favourable circumstances, 
as has been demonstrated for titanium, 
phosphorus and strontium.
Because of the highly speculative nature of this 
argument, and the fact that the data available do not
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permit confirmation of these separate trends for the 
individual granites, further discussion of*the 
composition of the hypothetical, basic parents is not 
warranted. All that can be said in conclusion is that 
the basic rocks exposed in the Hartley area must be 
rejected as the basic parent or parents of the granitic 
rocks. The exact composition of this parent material 
cannot be estimated, but calc-alkaline material ranging 
between gabbro and granodiorite might provide the most 
satisfactory possibility.
Local Hybridism
Although the rejection of the basic rocks in the 
Hartley area as suitable basic parental material for the 
granitic rocks precludes the possibility that the 
chemical variation of the granitic rocks is due to local 
contamination, some local hybridisation has taken place 
where the Gibraltar Creek Diorite is intruded and veined 
by the Redfern Adamellite.
This contamination is of minor local extent, and 
has occurred in veins of Redfern Adamellite within the 
diorite, and within a few feet of the contact between 
the two. This contact zone is illustrated in Fig. 2s2, 
where it can be seen that the granite contains abundant 
lenticular diorite xenoliths which are orientated 
sub-parallel to the actual contact. The granite 
between these xenoliths is more basic than the xenolith- 
free Redfern Adamellite a few yards away, and complete 
gradation exists between the two.
Four samples have been collected from this zones 
uncontaminated Redfern Adamellite, the Gibraltar Creek
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Diorite, the contaminated Redfern Adamellite, and a 
large xenolith of diorite in the contaminated adamellite. 
Analyses of these four rocks are given in Table 5*13* 
Inspection of this table shows thats-
(i) The composition of the Gibraltar Creek 
Diorite is completely different from other 
diorites in the Cox's River and Moyne Farm 
intrusions. It contains less silica and 
aluminium than the other diorites, but is 
considerably enriched in the ferromagnesian 
elements. Particularly noticeable in this 
respect are magnesium, zinc, nickel, 
chromium and vanadium, all of which are at 
least twice as abundant in the Gibraltar 
Creek Diorite compared with other diorites, 
both nickel and chromium being ten times 
more abundant. It also contains greater 
abundances of the alkali elements, barium, 
strontium and the rare-earths, than the 
other diorites. Despite these differences 
in chemistry, the Gibraltar Creek Diorite 
does not satisfy the compositional 
requirements of the hypothetical basic parent 
of the granitic rocks.
(ii) Although conditions are ideal for contamination, 
with intimate mixing of diorite, adamellite
and xenoliths , the composition of the 
contaminated granite is still very acid, 
containing 66.7 per cent silica in 
comparison with 70.8 per cent in the 
uncontaminated Redfern Adamellite.
T a b l e  5 * 1 3 C h e m i c a l  m m i y a e s  r o c k s  r r o m  t h e  G i b r a l t a r  C r e e k  I n t r u s i o n
G i b r a l t a r  C r e e k  
D i o r 1 t e
B u s i c  X e n o l i t h
C o n t a m i n a t e d  
g r a n t  t e
R e d f  e r n  
A d a m e  11 i  t e H y p o t h e t i c a l  r o c k s -  i d e a l  m i x i n g
1 1 0 1 0 9 108= 1 1 1 B a s i c  X e n o l i t h
C o n t a m i n a t e d  
G r a n t  t e
S i 0 2 5 1 . 1 9 5 2 . 3 9 6 6 . 7 2 7 0 . 8 2 5 2 . 3 9 6 6 . 7 2
T 1 0 z 1 . 2 2 1 . 2 3 0 . 5 9 0 . 3 9 1 . 1 7 0 . 5 6
a 1 2 ° 3 1 5 . 6 4 1 4 . 1 7 1 5 . 5 1
1 9 . 2 6 1 5 . 5 6 1 9 . 5 5
r e 2 ° 3 2 . 4 3 2 . 6 7 1 . 5 7 1 . 1 7 2 . 3 6 1 . 9 3
F e O 6 . 3 7 6 . 8 4 2 . 6 3 1 . 9 9 6 . 0 8 2 . 5 1
MnO o .  i a 0 . 1 8 0 . 0 6 0 . 0 7 0 . 1 7 0 . 0 9
MgO 6 . 7 3 6 . 7 9 1 . 6 1 0 . 9 1 6 . 3 9 2 . 1 3
Ca O 8 . 5 2 8 . 1 0 4 . 3 1 3 . 0 1 8 . 2 0 4 . 1 6
N a 2 0 2 . 3 0 2 . 4 4 3 . 6 5 3 . 9 4 2 . 3 7 3 . 2 0
K2 ° 2 . 1 3
1 . 7 8 1 . 8 8 3 . 3 0 2 . 2 0 3 . 0 6
P 2 ° 5 0 . 3 9 0 . 3 7
0 . 2 2 0 . 1 4 0 . 3 7 0 . 1 9
H2 °  + 2 . 2 6 2 . 1 8 1 . 0 1 0 . 6 7 - -
h 2 o  - 0 . 1 2 0 .  1 0 0 . 0 9 0 . 0 6 - -
c o 2 0 . 1 6 0 . 1 9 0 . 1 0 0 .  1 0 - -
T o t a l 9 9 . 6 4 9 9 . 3 8 9 9 . 9 5 9 9 . 8 3 - -
D e n s l t y 2 . 8 9 2 . 8 9 2 . 7 2 2 . 6 6 - -
T r a c e  E l e m e n t e  ( p . p . m . )
Ba 6 l 4 5 3 5 7 4 0 7 5 8 6 2 2 7 2 8
R b 8 3 7 4 6 1 1 1 4 8 2 1 0 7
S r 7 8 3 6 2 8 8 0 1 4 8 4 7 6 5 5 4 6
P b 2 1 3 1 0 2 . 5 8
T h 7 - 1 6 . 5 1 3 . 9 1 5 . 8 7 . 6 1 4 . 0
Z r 1 1 3 9 1 2 1 0 - - -
Mb' 9 1 4 5 - - -
Y 2 7 3 7 9 1 7 2 6 19
L a 1 5 1 8 3 5 2 0 1 5 1 9
c . 6 4 7 8 6 7 9 9 6 3 5 2
P r 9 1 0 8 5 8 . 8 6
Nd 2 8 3 6 1,9 2 7 17
V 2 3 4 2 4 6 $ 9 A 3 2 2 2 7 5
C r 9 4 3 2 5 5 8 9 2 3
H n 1 2 6 5 1 2 5 8 4 9 7 3 7 3 1 2 1 3 5 5 9
N i 3 4 5 5 5 V>./8. 3 2 7
C u 1 4 1 5 3 n .  d . 1 3 3
Z n 1 0 3 1 0 3 9 3 3 9 9 9 52
G a 1 7 1 8 1 7 1 6 1 7 1 6
K / R b 2 1 3 2 0 0 2 3 6 2 4 0
' '
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(iii) The relationship of elements between the
diorite, xenolith, contaminated granite and 
Redfern Adamellite are not linear in most 
cases.
These observations provide further evidence 
suggesting that the granites are not the product of 
local contamination, since the diorite is not compatible 
with the hypothetical basic parent of the granites, the 
variation trends are not comparable, and the extent of 
contamination is insufficient to account for the 
compositional range of the granitic rocks.
As has been discussed previously, the incorporation 
of basic material into a granite magma may occur through 
mechanical interaction or by means of a complex process 
of inter-diffusion of elements between the granite and 
the xenoliths. The fact that in this case most 
elements are not linearly related in the diorite, 
xenolith, contaminated granite and adamellite indicates 
that diffusion has been dominant. So much so, in fact, 
that not only have elements migrated in and out of 
xenoliths, but in so doing they have modified the 
composition of the surrounding granite in a reciprocal 
manner.
These complex interactions can be illustrated by 
comparing the actual xenolith and contaminated granite 
compositions with theoretically derived compositions 
assuming a simple linear relationship. To do this, it 
is necessary to assume that one element has not 
directly participated in these reactions and that the 
amount present is an indication of the amount of mixing
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that has taken place. Silica has been adopted as an 
arbitrary reference, and theoretical xenolith and 
contaminated granite compositions calculated. They 
are listed in Table 5:13 together with the actual 
analyses.
By comparing the two hypothetical rocks with the 
actual contaminated granite and basic xenolith, the 
behaviour of all the elements can be considered in terms 
of five categoriess-
(i) Elements are essentially linear - Very few 
elements are entirely linear throughout the 
entire compositional range. These include 
phosphorus, gallium and probably calcium.
The linear behaviour of phosphorus compared 
with many other elements is unexpected, 
since it is often assumed that phosphorus is 
a volatile component which readily diffuses 
into xenoliths, enriching them in apatite 
compared with the enclosing granite and the 
country rock from which they were derived 
(Nockolds, 1933).
(ii) Elements are enriched in the xenolith and 
depleted in the granite - These include many 
of the ferromagnesian elements such as 
titanium, magnesium, vanadium, chromium, 
manganese, nickel., zinc and neodymium. The 
presence of neodymium in this group of 
elements is unexpected, since all of the 
other rare-earths behave coherently and are 
enriched in both the xenolith and the 
granite. Enrichment of these elements in
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the xenolith has been extreme, and many are 
present in greater concentrations than in the 
parent diorite. Because of the great 
abundance of basic xenoliths in the 
contaminated granite, this extreme enrichment 
of these elements in the xenoliths has lead 
to a reciprocal decrease in the granite, 
although not to the extent that the 
contaminated granite contains less of these 
elements than the parent Redfern Adamellite.
(iii) Elements are enriched in granite and depleted 
in xenolith - This group of elements includes 
aluminium, strontium, barium, and possibly 
calcium. The reciprocal enrichment and 
depletion of three of these elements has been 
extreme, particularly for strontium. In the 
xenolith, both barium and strontium are 
beyond the compositional range of the diorite 
and adamellite end members, and there is less 
aluminium in the contaminated granite than in 
the Redfern Adamellite.
(iv) Elements are depleted in both granite and 
xenolith - This somewhat anomalous situation 
applies to most of the alkali elements, 
including potassium, rubidium and lead, and 
possibly thorium. The depletion of rubidium 
in both the xenolith and the granite to 
below the compositional range for the diorite 
and Redfern Adamellite is particularly 
striking. A possible explanation is that the 
diorite, which contains 83 p.p.m. Rb and
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2.13 per cent K Q0, has been enriched in 
these elements together with the xenolith, 
and that its original content was less than 
this and comparable to the other diorites in 
the area, which have an average of 'jk p.p.m. 
Rb and 1.38 per cent K^O. If this is the 
case, then the diorite has been enriched, the 
xenolith has been enriched to a greater 
degree, and the granite has been 
correspondingly depleted. This appears to 
be a probable explanation, since it is well 
known that these elements tend to be 
enriched in xenoliths and that rubidium 
tends to be more mobile than the other 
elements.
(v) Elements are enriched in both granite and
xenolith - This group includes iron, both 
ferric and ferrous, sodium, yttrium, 
lanthanum, cerium and praseodymium. Although 
this is the exact opposite of the preceding 
group, the opposite interpretation, that 
these elements were originally higher in the 
diorite and have been subsequently depleted 
in both the diorite and xenolith with 
reciprocal enrichment in the granites, 
although geometrically possible, does not 
have any supporting evidence. There is no 
reason to suggest that the rare-earths were 
higher in the diorite prior to reaction with 
the Redfern Adamellite, since the content of 
these elements in the other diorites is
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actually less. The same argument applies 
for total iron, but not for sodium.
Similar assumptions concerning the Redfern 
Adamellite would not satisfy the geometrical 
requirement s.
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6 CHEMISTRY OF MINERALS
In this section the chemistry oT the various 
mineral groups, plagioclase, potassium felspar, biotite, 
hornblende, and pyroxenes, will be discussed in detail 
prior to a discussion of the distribution of selected 
elements between coexisting mineral phases, and the 
distribution of the trace elements within the host 
rock.
Thirty one coexisting minerals from eight typical 
rock types were separated using electromagnetic 
separators and heavy liquids, and analysed for both 
major and trace elements. With the exception of the 
plagioclases, the purity of these mineral concentrates 
was better than 98 per cent. All the plagioclase 
concentrates were composite with varying amounts of 
quartz. The analytical techniques used were identical 
to those used for rock analyses, with the exception that 
only one glass disc or powdered pellet was prepared for 
each sample. Repeat analyses were, however, made on 
each of these discs or pellets.
In addition to these analyses, several hornblendes,
and pyroxenes in gabbro and hornblendite have been
analysed semi-quantitatively for major elements by 
VP. Jakes using an A.R.L. electron-microprobe.
It has long been recognised that analyses of 
separated minerals could be unrepresentative of the rock,
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particularly if these minerals are compositionally 
inhomogeneous or zoned. However, if precise and accurate 
trace element data are required, there is at present no 
feasible alternative to mineral separation. Recent 
studies of calc-alkaline minerals made with the 
electron-microprobe (Chappell, 1966; Gulson, 1968;
Jakes, pers. comm.j have shown that, with the exception 
of plagioclase, most minerals are homogeneous to within 
a few per cent relative for all the major components. 
Consequently, it is believed that separation of minerals 
should not introduce serious errors into the interpretation 
of the data.
Inclusions of apatite are present in all mineral
phases to varying degrees. The mineral analyses have
therefore been adjusted for these inclusions by removing
all the Po0_ and an appropriate amount of CaO necessary 2 5
to form apatite, and the analyses recalculated back to
the original totals. Koritnig (1965) has shown that
in granitic rocks up to 7 per cent of the total phosphorus
is isomorphously replacing silicon in the silicate
minerals. However, this camouflaged phosphorus is usually
well below 100 p.p.m. in most granitic minerals (Koritnig,
1965» Corlett and Ribbe, 1967) and errors involved in
ignoring it will be far less serious than those resulting
from ignoring the apatite inclusions. Chappell (1966)
has discussed this matter in detail, and has pointed out
that since apatite inclusions are particularly abundant
in biotites, hornblendes and sphenes, most published
analyses of these minerals will be in error,
particularly with reference to CaO, P„0_. and the R„0o2 5 2 3
group. According to Chappell the only author who has 
previously allowed for the effect of apatite inclusions 
on a biotite analysis is Turner (1899)*
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Apatite Inclusions in Minerals
Chappell (1966) has shown, on the basis of the
P 0 content of minerals, that apatite inclusions are2 5far more abundant in the ferromagnesian minerals than 
they are in potassium feldspar. He argues, that if all 
of the minerals had crystallised from a magma, then one
would expect apatite inclusions to be evenly distributed 
between the various mineral phases. Since this is not 
the case, he concludes that the ferromagnesian minerals, 
together with some of the plagioclase, are derived from 
p 0 —rich xenoliths, while the quartz, potassium2 5feldspar and part of the plagioclase have crystallised 
from a p O^-poor acid magma.2 3
In the Hartley area, as has been noted in the 
petrography section, apatite inclusions are evenly 
distributed between the mineral phases of the rocks 
from the basic bodies, but concentrated in the 
ferromagnesian minerals of the granitic rocks. Optical 
examination suggests that these inclusions are from 
four to twelve times as abundant in the ferromagnesian 
minerals as in the quartz and potassium feldspar. 
Attempts to check these observations in a quantitative 
manner by recalculating the P^O^ content of the various 
mineral phases into apatite are given in Table 6:1. In 
this table the apatite content of plagioclase has been
calculated from the analyses of quartz—plagioclase 
mixtures and assuming, on the basis of optical examination 
that the apatite content of the quartz is similar to 
that for potassium feldspar.
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Table 6:1 Content of apatite inclusions ,in minerals
separated from rocks from the Hartley area*
Potassium
Feldspar Quartz
Plagio­
clase Biotite
Horn­
blende
Pyro­
xene
13 0.02 0.02 0.09 0.90
1 0.07 0o07 0.65 0.36 - -
44 oo 0.07 0.07 0.49 0.74 -
83 0.07 0.07 0.47 0.21 0.79 -
3 0.09 0.09 0.61 0.18 0.52 0.85
66 0.15 0.15 0.16 0.14 0.88 -
64 0.70 0.70 0.77 0.61 0.68 -
51 — 0.43 0.43 0.43 0.63
* Apatite calculated as weight per cent of the
minerals using measured P„0_ values.2 3
The apatite concentrations given in Table 6:1 tend 
to confirm both the optical observations and the data 
given by Chappell (1966). Clearly, apatite inclusions 
are more abundant in biotite, hornblende and pyroxene 
than they are in potassium feldspar and, to a lesser 
extent, plagioclase. According to the hypothesis of 
Chappell, plagioclase plays a dual role, being partly 
derived from xenoliths and partly from the acid melt. 
Thus one would expect apatite inclusions in plagioclase 
to be intermediate between those of the^ferromagnesian
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minerals and potassium feldspar. Adding to this the 
facts that all of the plagioclases are zoned, and that 
the more basic portions will probably be preferentially 
concentrated during separation, then it can be seen that 
the apatite content of the plagioclases is not 
inconsistent with the hybridisation hypothesis. A further 
interesting feature of Table 6:1 is the even distribution 
of apatite between all mineral phases in the Cox* s River 
Diorite and a basic inclusion in granite, samples 51 and 
64 respectively.
A serious drawback in interpreting the data in 
Table 6:1 is that some apatite has been lost during 
mineral separation. This can be shown by comparing the 
total apatite content of the rock (calculated from
figures) with the sum of the proportions of apatite 
contributed by each mineral. The average discrepancy 
is a loss of 40 per cent of the total apatite per sample.
If the apatite loss is proportional for each mineral, 
the data of Table 6:1 provides further supporting evidence 
for a hybrid origin of the granitic rocks of the Hartley 
area. It also provides an indication that the dioritic 
rocks of the basic bodies have not originated in this 
way. If, however, loss has not been proportional, one is 
left with the qualitative observation that apatite 
inclusions appear to be more abundant in ferromagnesian 
minerals than in potassium feldspar and quartz. This 
in itself can be taken as an indication of the hybrid 
origin of the granitic rocks.
It might be thought that zircon inclusions would 
also provide valuable information of a similar nature,
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since in granitic rocks, zirconium, like phosphorus, 
forms its own mineral phase, and tends to decrease in 
quantity with increasing acidity. Thus it could be 
argued that zircon is present in the basic xenoliths 
and relatively less in an acid melt, and should 
therefore tend to be associated with the ferromagnesian 
minerals in the rock. Analyses of coexisting minerals 
suggest that this may be the case, since hornblende, 
pyroxene and biotite contain considerably more 
zirconium than potassium feldspar and also more than 
plagioclase. Unfortunately, any interpretation of 
these tendencies could be seriously in error, since 
there are no qualitative observations to support them, 
and it is evident that most of the zircon (from 50-85 
per cent) has been lost during separation.
Trace Element Variation in Minerals
Since the classical work of Goldschmidt (l95^ +)> 
the prevailing explanation of trace element variation 
in minerals has been that the size and the charge of 
the ions and the nature and strength of the oonds govern 
the behaviour of trace elements during magmatic and 
metamorphic fractionation (Taylor, 1966).
In this thesis it is maintained that although 
the above criteria control the elements that may substitute 
in a particular mineral site, they do not control the 
variation of the content of that trace element in the 
particular site; this is a function of the whole rock 
chemistry. Factors affecting the trace element content 
of a mineral will include: the whole-rock trace
element content, the nature and abundances of the
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mineral phases of the rock, the abundances of other 
elements likely to compete for the same mineral site, 
and the distribution coefficients for these elements 
between the coexisting mineral phases or magma.
Since many of the trace elements in the Hartley 
rocks vary in a regular manner with major element 
variation (particularly those minerals that exhibit 
regular trends in the constituent minerals), and 
the bulk composition of the rock can be shown to 
determine the mineral concentrations, it follows 
that most of the above factors, with the probable 
exception of the distribution coefficients, are 
closely related to the whole-rock chemistry. These 
rather complicated relationships can be simplified 
into the following broad generalisation:
If the available trace element content of a 
rock series decreases more rapidly, in passing from 
the basic to the acid end of the series, than does the 
content of the critical major element (or elements) 
responsible for the formation of a particular mineral, 
then the content of this trace element in the 
mineral will decrease from the basic to the acid 
end of the series. It also follows that if the 
critical major element responsible for forming a 
particular mineral should increase with increasing 
acidity, then the content of most trace elements in the 
mineral will fall, unless their concentration in the 
rock series increases more rapidly than the major 
element. An example of this last relationship is to 
be found in the potassium feldspars. Most of the 
important trace elements, mainly Ba and Sr, decrease in
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potassium feldspars with increasing acidity of the host 
rock. The rubidium content increases, however, since 
the rubidium content of granitic rocks increases more 
rapidly than does potassium.
Many trace elements substitute in more than one 
mineral in the rock. In such a case it is convenient 
to take as the denominator the sum of the critical 
elements responsible for the formation of these two 
minerals, or the sum of their normative equivalents.
The ratio so obtained will indicate an approximate 
trend for the trace element in the two minerals. Just 
how applicable this trend is to both minerals will 
depend on the distribution coefficient between them for 
that element. It follows that distribution coefficients 
varying considerably from unity, or marked changes in 
the distribution coefficient will invalidate this 
approach.
In the following sections, major element chemistry 
of the minerals will be discussed in terms of the structural 
formulae and the trace element variations will be considered 
in the light of the preceding hypothesis.
Plagioclase Feldspars
It is evident from previous descriptions that 
the plagioclases in the granites, the basic inclusions, 
and the dioritic rocks of the basic bodies, are 
characterised by well developed oscillatory zoning, 
usually superimposed upon normal zoning. In the case 
of the granitic rocks and their basic inclusions, the 
zoning may surround an ovoid or irregular core of
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uniform composition, exhibiting a characteristic patchy 
extinction. Such cores do not appear to be common in 
the dioritic rocks of the basic bodies.
All of these features are extremely common in 
igneous rocks, particularly in diorite-adamellite 
associations (Vance, 1962) and numerous and varied 
hypotheses have been erected to account for them.
Briefly, these theories can be summarised as follows
(i) Repeated crystal movement in a thermally or 
compositionally inhomogeneous melt (Bowen, 
1928) .
(ii) Cyclical variation in the confining pressure 
of the magma (Hills, 1936; Carr, 195^)*
(iii) Periodic fluctuations in vapour pressure 
produced by the recurrent release of 
volatiles.
(iv) Imbalance between crystal growth rate and 
diffusion in the immediately surrounding 
magma of critical elements such as sodium, 
calcium and aluminium (Harloff, 1927; Vance, 
1962; Bottingaet al. , 1966).
Vance (1962) in a review of these theories concludes 
that the crystal growth - diffusion hypothesis, first 
proposed by Harloff (1927)» offers the most satisfactory 
explanation of oscillatory zoning without resorting to 
complicated changes in the environment of the growing 
crystals. More recently,Bottinga et al., (1966) have 
modified this theory, presenting evidence to suggest
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that it is the diffusion of aluminium in the melt to the 
crystal interface that regulates the compositional zoning.
None of these theories are entirely satisfactory 
since all assume a direct relationship between the 
growing crystals and the surrounding magma. It is clear, 
from the apparent similarity of the oscillatory zoned 
plagioclases in the basic inclusions to those in the 
granitic rocks, that any acceptable hypothesis must be 
able to account for the growth of these plagioclases 
as porphyroblasts within the basic inclusions.
Chappell (1966) has suggested that the oscillatory 
zoned plagioclases of granitic rocks have all had their 
origin in the basic inclusions. He interprets the corroded 
and rounded cores of these crystals as representing a portion 
of the original plagioclase of the inclusions which have 
been corroded by introduction of granitic material either 
as magma or in the vapour phase. Further introduction of 
granitic material by a process of reciprocal reaction 
(Nockolds, 1933) results in the growth of normally zoned 
plagioclase around these ’relict’ nuclei. Chappell 
interprets the superimposed oscillatory zoning as being 
due to the diffusion of calcium and sodium into the 
inclusions at different rates, and he shows on 
independent evidence that there is no significant 
correlation between these two elements during such 
diffusion. Finally^ the inclusions are mechanically 
disintegrated by the granite, the plagioclase being 
distributed through the magma. Further precipitation 
of plagioclase at this stage would lead to an outer 
region of normal zoning, which according to Vance (1962) 
is a characteristic feature of zoned plagioclase crystals.
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This hypothesis provides a satisfactory 
explanation for the formation of oscillatory zoned 
plagioclases in the granitic rocks and their inclusions, 
accounting for the growth of these feldspars in the 
inclusions, the presence of corroded cores in some 
crystals, and the development of oscillatory zoning.
It cannot, however, account for the presence of this 
type of plagioclase in the dioritic rocks of the basic 
bodies, since there is no evidence to suggest that 
basic inclusions are associated with these rocks.
There is a strong degree of similarity between 
the hypothesis of Chappell and the crystal growth - 
diffusion hypothesis, particularly when it is recognised 
that, according to Chappell’s data, the entry of aluminium 
into basic xenoliths is not related to the entry of 
calcium. From these two hypotheses it appears possible 
that it is the differing diffusion rates of certain 
critical elements, such as calcium, sodium and aluminium, 
in either a magmatic or vapour phase, that is the 
controlling factor responsible for oscillatory zoning 
in plagioclase. Given the necessary imbalance between 
crystal growth and diffusion of these elements, 
oscillatory zoned crystals may develop either in a magma 
or in the solid state within basic inclusions.
Nine plagioclase samples have been separated 
from typical rocks of the Hartley area and analysed 
for both major and trace elements. No attempt was made 
to separate the plagioclase from quartz, since to do 
this completely would result in the concentration of 
crystals of extreme composition. Even so, because
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of the zoned nature of the plagioclase,it is doubtful if 
these concentrates are truly representative for 
each sample, and it must be emphasised that any 
conclusions regarding the chemistry of these minerals, 
and their relationship to the chemistry of the host rock, 
can only be of a qualitative nature.
The analyses of these plagioclases, on a quartz-free 
basis, are presented in Table 6:2, together with the 
structural formulae and the molecular proportions of the 
various feldspar components. Also included in this 
table is a calculated estimate of the quartz contamination 
in each sample. The amounts range from zero to 71*1 per 
cent.
The anorthite content of these plagioclases is 
similar to the optically determined composition (see 
Fig. 3:7) and to the normative plagioclase composition 
(Tables 5 0  and 5^5) > and all show an increase in 
anorthite with increase in the basicity of the host 
rock.
Potassium abundances in the plagioclases are very 
varied, K^O ranging from 0.24 and 1.55 per cent. It 
seems probable that the high K^O content of sample 
64 is due to contamination with potassium feldspar, 
particularly as this is a fine grained rock. In the 
case of the remaining plagioclases it is unlikely that 
the high potassium contents, corresponding to an 
orthoclase content of I.38 to 6.90 per cent, are a 
result of contamination, since plagioclase from sample 
51, which has the highest potassium content, does not 
coexist with potassium feldspar.
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Several writers (Heier, 1962; Corlett and Ribbe,
1967) have observed that maximum concentrations of 
potassium in plagioclases occur in those of andesine 
composition. No such relationship can be seen in the 
plagioclases studied here.
The barium content of the plagioclases ranges 
from 142 to 448 p.p.m., and is more closely related 
to the potassium content of the plagioclase than to any 
other variable. Corlett and Ribbe (1967) have 
demonstrated a close association between potassium and 
barium in plagioclase feldspars, and have shown that 
both are largely concentrated in antiperthitic orthoclase 
within the plagioclase host. Rubidium, although more 
erratic, tends to increase in a similar manner with 
increase in potassium, the range being from 6 to 62 p.p.m. 
Lead, on the other hand, shows no such relationship with 
potassium, ranging from below the limit of detection 
to 10 p.p.m.
Strontium is very abundant in the plagioclases, 
ranging in amount from 725 to 1,460 p.p.m. The strontium 
content increases with an increase in the calcium content. 
This is in agreement with Sen et al. (1959)» who state 
that in plagioclases from the Southern California 
batholith there is a corresponding decrease in strontium 
with decrease in the content of the plagioclase. 
Conversely, Heier (1962), in a review of the geochemistry 
of feldspars, states that there is no direct relationship 
between the calcium and strontium content of plagioclases.
The strontium content of these plagioclases is 
directly related to the whole-rock strontium content; both 
increase from the acid to the more basic rocks.
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The content of the rare earths and yttrium in the 
plagioclases is most erratic. Neodymium and 
praseodymium are below the detection level in all 
samples, and lanthanum was detected in only one sample. 
Cerium and yttrium are highly variable, ranging from 
1 to 9 p.p.m. for yttrium and 17 to 35 p.p.m.for 
cerium. Neither exhibit any systematic relationships.
Gallium in the plagioclases decreases with increase 
in basicity of the host rock, the range being from 
28 to 21 p.p.m. This trend is in opposition to the 
trend for gallium in the host rock and is a reflection 
of the more rapid decrease of plagioclase in the rocks 
than of the corresponding whole-rock gallium content, 
which decreases only slightly from basic to acid rocks. 
Since aluminium in the plagioclases increases in the 
more basic rocks, it follows that the gallium/aluminium 
ratio of plagioclase decreases with increasing basicity 
of the host rock.
All of these plagioclases are of a low structural 
state, as is seen in Fig. 6:1 where the difference in 
the 20 values of the (l3l) and (l3l) for CuKa radiation 
are plotted against the anorthite content of the 
plagioclase. This diagram, which is a modification of 
the original diagram proposed by Smith and Yoder (1956), 
is taken from Bambauer et al. (1967)»
Potassium Feldspars
Chemical analyses of seven potassium feldspars 
are presented in Table 6:3» together with their 
structural formulae and the molecular proportions of 
the feldspar components.
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Figure 6:1 Structural state of plagioclase 
f eldspars.
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The major element abundances can most conveniently 
be discussed by means of the structural formulae and 
molecular proportions of the feldspars. The number of 
atoms in the Z site is always very close to 16, with 
the trivalent atoms (Fe and Al) being in excess of 4 
atoms per unit formula, and the number of silicon 
atoms less than 12. The slight excess of Al in the Z 
position is presumably in response to a charge imbalance 
introduced by the presence of calcium, barium and 
strontium in the X site. Further charge imbalances, 
resulting from the presence of these divalent elements, 
are compensated for by a slight reduction in the 
number of atoms in the X site, the average amount 
being 3*966 atoms per unit formula.
The potassium variation in these feldspars is 
slight, and does not appear to be systematic. The 
range is from 3*017 to 3*3^0 atoms per unit formula, 
which correspondsto an orthoclase range from 76.7 to 
83*3 per cent. Sodium and calcium tend to exhibit 
an inverse relationship to each other, with sodium 
decreasing and calcium increasing with change in 
whole-rock composition from acid to basic. There is 
also a corresponding increase of the number of 
aluminium atoms in the Z position, with increase in 
the calcium content of the feldspars. Hall (1967c), 
in a study of feldspars from the Ardara and Rosses 
granite complexes, similarly found that the calcium 
content of the potassium feldspars increased with 
decreasing acidity of the host rock. The inverse 
relationship between sodium and calcium is unusual 
for potassium feldspars; previous authors (Heier,
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1962; Rhodes, 1969!*) have recorded a slight increase in 
calcium with increase in sodium. The average values of 
Na^O and CaO are 2.01 and 0.49 per cent respectively. 
These are both higher than the average values reported 
for granitic potassium feldspars (Rhodes, 1969b)* and 
correspond closely with those for feldspars of 
monoclinic structural state.
Barium, strontium and rubidium are important minor 
elements in the potassium feldspars, exhibiting a wide 
degree of variation.
Barium ranges in abundance from 1,245 1° 4,619 
p.p.m. and in three out of the seven feldspars it is 
more abundant than calcium. Strontium is less abundant, 
ranging from 283 1° 1>180 p.p.m, and is highly correlated 
with barium. Rubidium, on the other hand, is inversely 
related to both barium and strontium and ranges in 
abundance from 169 to 470 p.p.m.
In a recent paper, Rhodes (1969b) has shown that in 
potassium feldspars the abundance of these three trace 
elements, barium, strontium and rubidium, are unrelated 
to the major element chemistry of the feldspar, but can 
be related to the composition of the host rock. This 
is also the case with the potassium feldspars studied 
here, particularly with reference to rubidium, and to 
a lesser degree with barium and strontium. Rubidium is 
most abundant in the potassium feldspars from acidic 
rocks, decreasing in feldspars from more basic rocks.
This trend can be related directly to the rubidium 
content of the host rock. Since the relative variance 
of potassium is small compared with that of rubidium, 
it follows that the K/Rb ratios of the feldspars will
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also vary systematically with the whole-rock composition. 
Potassium feldspars from acidic rocks have low K/Rb ratios 
(229)> those from basic rocks considerably higher ratios 
(635)» A similar relationship has been found to apply 
in general to potassium feldspars from granitic rocks 
(Rhodes, 1969b).
Unlike rubidium, barium and strontium in the 
potassium feldspars tend to increase with increasing 
basicity of the host rock, reflecting the increasing 
content of these elements in the rocks compared with 
the potassium feldspar content.
The lead content of these feldspars shows no 
systematic relationship with any other parameter.
The range, from 17 to 43 p.p.m. is similar to recent 
determinations of the lead content of other granitic 
feldspars (Zartman, 1965» Doe, 1967» Doe and Tilling,
1967; Rhodes, 1969b).
Little information is available for yttrium 
and the rare earths in these feldspars. Yttrium, 
lanthanum, praseodymium and neodymium are mostly 
below the limit of detection, and the cerium content 
is of the order of 5 to 7 p«p.m.
The gallium content of the potassium feldspars 
decreases slightly with increasing basicity and gallium 
content of the host rock. Since aluminium is 
essentially constant in potassium feldspars, it follows 
that the Ga/Al ratio decreases also.
An assessment of the structural state of the 
potassium phases of these feldspars (all of which
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are perthitic) has been made by determining the 
triclinicity (/\ ) , and by the ’ three peak’ method of 
Wright (1968).
Triclinicity, which has been defined by Goldsmith 
and Laves (195^ -) as equal to 12.5 (131-131) > is a 
measure of the angular deviation of a and y from 90°•
In maximum microcline the triclinicity is 1.0 and in 
monoclinic feldspars it is 0.0. The triclinicity of 
the analysed feldspars was determined by measuring the 
separation of the (131) and (131) peaks on charts 
obtained from a Phillips X-ray diffractometer at a 
scanning speed of ^-°20/min. In all cases only one 
reflection was present and the triclinicity was 
determined by comparison with the nearby (022) reflection 
as proposed by Dietrich (1962). All the feldspars were 
close to monoclinic, with triclinicities ranging from 
0.00 to 0.06, the average being 0.02.
Recently, Wright (1968) has shown that measured 
20 values for the 201, 060 and 204 diffraction peaks of 
both natural and synthetic alkali feldspars can be 
related to the a, b, and c cell parameters respectively, 
and that the structural state of an unknown alkali feldspar 
can be estimated by comparison of these 20 values with 
those from feldspars of a known structural state. In 
Fig. 6:2 the 20 values of the (060) and (204) reflections 
for the seven analysed potassium feldspars are plotted 
on to a diagram, given by Wright, illustrating the 
variation of these parameters for natural and synthetic 
feldspars of varying structural states. The measurement 
of the X-ray diffraction patterns followed in detail 
the procedure given by Wright and Stewart (1968) with
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Figure 6:2 Structural state of potassium feldspars.
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the exception that the scanning speed was -j°20/min. 
and not the recommended -g°20/min.
From Fig. 6:2 it is evident that the potassic phase 
of these feldspars is orthoclase, with a structural 
state intermediate between that of Spencer B and SH1070 
(Wright and Stewart, 1968; Wright, 1968). These authors 
state that spencer B is probably as highly ordered as 
any natural potassic feldspar still retaining a monoclinic 
symmetry. SH 1070 is an orthoclase considered to be less 
ordered than Spencer B. The orthoclase content of the 
potassic phase, estimated from the position of the 
20(20l)reflection (Wright, 1968), ranges from 84.0 to 
89.3 per cent, with an average of 85*9 per cent.
Biotites
Analyses for eight separated biotites are given 
in Table 6:4, which includes data for both major and 
trace elements. In most cases the summations are low, 
probably because of the lack of data for lithium, 
fluorine and chlorine. Arrangements are being made to 
rectify this omission as soon as possible. A further 
feature of the analyses is that CaO is not reported.
This is because recent studies of biotite using the 
electron microprobe (Chappell, 1966; Gulson, 1968) 
have suggested that calcium is absent from the biotite 
structure, and is present as inclusions of other minerals, 
mainly apatite. Consequently, the results are presented 
in Table 6:4 on a calcium-free basis and the analyses 
adjusted accordingly.
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The major element abundances can most conveniently 
be discussed by reference to the structural formulae, 
which are given in Table 6:5» The structural formulae 
have been calculated to 22 oxygen atoms on a water-free 
basis. This approach has been adopted in order to avoid 
errors in the determination of combined water being 
introduced into the structural formulae.
Inspection of Table 6:5 shows that with the 
exception of sample 51> which is from the Cox’s River 
Diorite, the structural formulae of the remaining 
biotites from the granitic rocks and basic inclusion 
are rather similar. The general formula for these 
biotites can be represented as:-
Na (K,Ba,Rb);u62,(Ti,Fe3+, V,Fe2+,Mn,Mg,Zn) 6
AlVl.04AllV2.48Si5 .52 °20(°H ’F >4
This formula is remarkably similar to a formula given 
by Chappell (1966) for biotites coexisting with 
hornblende in granitic rocks from the Moonbi area, 
which was: -
Na.06(K’Ba>Rb)1>68 T^i’Fe^+,Fe2+’Mn,Mg 5^ .64AlV1 0.5 
AliV2.45Si5.55°2o(°H ’F h
The similarity between the two formulae supports 
Chappell’s suggestion that such formulae may be typical 
of biotites from calc-alkaline plutonic rocks that 
coexist with hornblende.
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The variation and departures of the various 
components of the structural formulae from the general 
formula given above will be discussed in detail, 
particularly with reference to the work of Foster (i960) 
on the interpretation of the composition and layer 
charge relationships of trioctahedral micas.
Foster (i960) has shown that in an ideal 
trioctahedral mica the octahedral group is neutral, 
and that all the inherent layer charge is on the 
tetrahedral group, owing to the occupation of one-fourth 
of the tetrahedral cationic sites by aluminium. This 
negative charge is balanced by an equal number of 
monovalent interlayer cations. In natural micas, 
however, trivalent and tetravalent cations proxy for the 
bivalent cations in the octahedral group, resulting in the 
octahedral group having an excess charge. Foster suggests 
that this excess charge can be accommodated in two ways:-
(i) by an equivalent increase in the negative
tetrahedral charge owing to greater proxying 
of aluminium for silicon;
(ii) by negative charges associated with unoccupied 
octahedral sites.
In most micas accommodation is made by a combination of 
both processes.
Layer charge relationships for the Hartley biotites 
have been calculated in a similar manner to those of 
Foster, with the exception that the full cell and not 
the half cell is used. These are presented in Table 6:6 
together with the structural formulae. It is apparent 
that charge balance has been maintained by a combination 
of both processes.
221
In the tetrahedral layer there is usually sufficient 
Si and A1 to occupy all sites, although in three of the 
samples there is a very slight deficiency of up to 0.04 
atoms per unit formula. It seems likely that this 
deficiency may be more apparent than real. It has 
become customary to fill such vacancies in the tetrahedral
34-layer with other tri- and tetravalent cations such as Fe 
and Ti. This has not been done in Table 6:5 because, as 
has been pointed out by Deer et al. (1962a), ’it is by no
means certain that vacant sites are less ’tolerable’ in 
the tetrahedral section of the structure than elsewhere’.
A further feature of the tetrahedral layer is the tendency 
for Al to increase and Si to decrease correspondingly from 
sample to sample. This is particularly noticeable when 
sample 51 is compared with the other samples. This trend 
can be closely correlated with the number of atoms in the 
octahedral layer. In general, the greater the occupancy 
of the octahedral layer, the more aluminium substitutes 
for silicon in the tetrahedral layer, and this in turn 
is related to the increasing compensation of the excess 
octahedral charges by an increase in the tetrahedral 
aluminium at the expense of vacancies in the octahedral 
layer. This reciprocity is well illustrated in Fig. 6:3 
where the number of occupied octahedral sites are 
plotted against the number of aluminium atoms in the 
tetrahedral layer. It also illustrates the difference 
between sample 51> from the Cox’s River Diorite, and the 
other biotites from granitic rocks or their inclusions.
The total number of ions in the octahedral group 
is always less than the maximum six, ranging between
6Figure 6 :3 Composition of biotite in terms of 
tetrahedral and octahedral ions.
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5•56 and 5.85 cations per unit formula. Consequently, 
these biotites must be intermediate between di- 
octahedral and tri-octahedral micas. Both Foster (i960) 
and Deer et al. (1962a)state that complete occupancy is
not common, and the data presented by these authors 
indicate that most biotites contain between 5 and 6 
cations in the octahedral group.
As was suggested earlier, the deficiencies in the 
octahedral group occur in response to excess charges 
brought about by the presence of tri- and tetravalent 
cations in the octahedral sites. However, these 
excess charges are only partially compensated for by the 
site deficiencies, as is evident from the remaining 
charges on the octahedral group, which are listed in 
Table 6:5* The remaining charge balance is compensated 
for by substitution of aluminium for silicon in the 
tetrahedral layer.
The excess charge introduced to the octahedral 
group by the tri- and tetrahedral cations is fairly 
constant, ranging from I.3I to 1.45 (Table 6:5)» This 
is a reflection of the relative constancy of the number 
of ferric iron, titanium and vanadium cations in the 
octahedral group, averaging 0.48, 0.42 and 0.006 cations 
per unit formula respectively. All of these biotites 
coexist with magnetite and ilmenite or sphene, and it 
is most likely that these values are close to the maximum 
amounts of titanium and ferrous iron that can enter the 
biotite structure when coexisting with these minerals 
under the physical conditions prevailing during the 
formation of the Hartley rocks. There is no separate
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coexisting vanadium phase, consequently the vanadium 
content of the biotite increases with the whole-rock 
vanadium content. In a review of published biotite 
analyses, Chappell (1966) has shown that nearly all 
analyses contain less than 0.46 atoms of Ti and less 
than 0.5 atoms of Fe^ + in the octahedral group, and 
he has suggested that these figures correspond to the 
upper limit of Ti and Fe^+ occupancy in biotites 
coexisting with magnetite and ilmenite or sphene.
Both Nockolds (1947) and Chappell (1966) have 
suggested that biotites coexisting with hornblende 
contain low or negligible amounts of aluminium in the 
octahedral sites, whereas those coexisting with 
muscovite contain more than 0.6 atoms of aluminium in 
the octahedral sites. It is anticipated that biotites 
occurring without either coexisting hornblende or muscovite 
will have intermediate aluminium contents. Most of the 
Hartley biotites coexist with hornblende, and contain 
from zero to 0.14 atoms of aluminium in the octahedral 
group, agreeing with the hypotheses of Nockolds and 
Chappell. Two of the samples (13, l) are from rocks 
which contain only biotite. Neither of these two samples 
contains any aluminium in the octahedral layer. The 
influence of paragenesis on the aluminium content of the 
octahedral sites will probably obscure any tendency for 
biotites formed at higher temperatures and lower pressures 
to have more aluminium in fourfold coordination, and less 
in sixfold coordination, than other biotites formed at 
correspondingly lower temperatures (Harry, 1950). From 
the data presented in Table 6:5 there is no indication 
that physical conditions have affected the distribution
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of aluminium between its two potential sites, since 
sample 13 from an acid biotite adamellite contains 
almost as much tetrahedrally coordinated aluminium 
as a biotite from the Sawpitt Diorite.
In most published analyses of biotites from 
calc-alkaline plutonic rocks, there is a strong 
antipathetic relationship between magnesium and ferrous 
iron, with magnesium predominating in biotites from 
the basic rocks and ferrous iron in biotites from 
acid rocks. Commonly, the range of the Mg/Mg + Fe^+ 
ratio in the biotites is from about 0.65 in diorites 
and basic inclusions to about 0.30 in biotite 
adamellites. Examples of this trend have been described 
from some Caledonian plutonic rocks (Nockolds and 
Mitchell, 1948), from the Southern California batholith 
(Larsen and Draisin, 1950)> from the Idaho batholith 
(Larsen and Schmidt, 1958) and from the New England 
batholith (Chappell, 1966).
In the Hartley rocks, however, the biotites exhibit 
an almost constant Mg/Mg + Fe ratio, with a tendency 
for this to increase slightly at the acid end. The 
range, which is from 5^ to 64, is similar to that which 
is found in the most basic rocks of the previously 
mentioned occurrences. The only other recorded 
occurrence of biotites with a constant or slightly 
increasing ratio of Mg/Mg + Fe^+ is from the Ben Nevis 
complex, recently described by Haslam (1968).
The Mg/Mg + Fe^+ ratio of biotites is a function 
of the bulk composition of the host rock and usually 
reflects this ratio in the rock (Larsen and Draisin, 
I95O» Chappell, 1966). This is also the case with the
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Hartley biotites and rocks, where, as a result of high 
FeJ contents of the rock, the Mg/Mg + Fe ratio remains 
almost constant throughout the series. This relationship 
is illustrated in the normative compositions of the rock, 
where enstatite is predominant over ferrosilite throughout
the entire series. As has been discussed in the preceding
3+ 2+ 3+sections, the high Fe and correspondingly low Fe /Fe
ratios are believed to be related to a high partial
pressure of oxygen.
Wones and Eugster (1965)» in applying the results 
of experimentally determined stability relationships of 
biotites to natural assemblages, have suggested that biotite 
crystallising from a magma may follow either iron 
enrichment or magnesium enrichment trends depending on 
the oxygen fugacity during cooling. If the oxygen 
fugacity remains constant or increases slightly during 
cooling, then the formation of magnetite will be promoted 
and the biotites will have a constant or slightly 
increasing Mg/Mg + Fe^+ ratio. Conversely, if the 
oxygen fugacity decreases during cooling the Mg/Mg + Fe^+ 
ratio will decrease and comparatively little magnetite 
will be produced. These authors suggest that these two 
trends may represent, respectively, the saturation or 
undersaturation of the melt with regard to H^O.
The Mg/Mg + Fe^+ ratios of the Hartley biotites 
are similar to those of the constant oxygen curve of 
Wones and Eugster (1965» Fig. 13)» Consequently it 
does not seem unreasonable to suggest that the biotites 
in the Hartley rocks crystallised at a fairly constant 
partial pressure of oxygen. Furthermore, if the water 
vapour pressure in the Hartley rocks was of the order
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of 1000 bars (a not unlikely estimate) then the other 
intensive variables, oxygen fugacity and temperature, 
are likely to be similar to those for Wones and 
Eugster1s constant oxygen fugacity curve, that is, 
temperatures ranging from about 800 to 950°C and an 
oxygen fugacity of about 10 ^  bars. Examination of 
the previous work on the stability of annite (Eugster 
and Wones, 1962) suggests that moderate changes in 
water vapour pressure will not drastically alter the 
suggestions made above.
The function of the interlayer cations is to 
provide charge neutrality, as a consequence of which 
the total number of cations is always less than two, 
being approximately equal to the inherent layer charge. 
The slight discrepancy between the number of interlayer 
cations and the inherent layer charge is caused by the 
presence of divalent barium in the X sites. Inspection 
of the interlayer cations and the inherent layer charges 
(Table 6:5) shows that they are in good agreement.
Potassium is the dominant cation, with minor 
contributions of sodium, barium and rubidium« The sodium 
content of sample 51 from the Cox’s River Diorite is 
considerably higher than any of the other biotites.
This is thought to be a real difference, not a result 
of analytical error, because the potassium content of 
sample 51 is correspondingly lower.
The trace element behaviour in the biotites can 
be considered in three separate categories:-
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(i) Those elements that show little or no systematic 
variation. These include yttrium, the rare-earth elements, 
and also strontium, lead, copper and niobium. It seems 
likely that most of the rare-earth elements plus yttrium 
are present mainly in apatite inclusions, since there is
an approximate correlation of the content of these elements 
with the phosphorus content. Although not exhibiting a 
similar correlation, it is also possible that the small 
amount of strontium recorded is present in apatite 
inclusions.
Lead and copper are quite erratic and cannot be 
related to any other factor. Niobium ranges from 11 to 
44 p.p.m., tending to be more abundant in biotites from 
acid rocks than in biotites from the most basic rocks.
(ii) The elements rubidium, manganese, zinc and 
gallium increase regularly in biotites from the basic end 
of the series to those at the acid end. These increasing 
trends are characteristic of biotites from calc-alkaline 
igneous rocks and have been described previously by 
Nockolds and Mitchell (1948), Sen et al. (1959)> and 
Haslam (1968).
Rubidium is concentrated mainly in biotite and 
potassium feldspar, and in the Hartley rocks is roughly 
twice as abundant in biotite as in coexisting feldspar. 
Therefore, to consider the behaviour of rubidium in these 
minerals, a useful indicator will be the ratio of the 
whole-rock rubidium to the total potential potassium 
feldspar and biotite in. the rock. An estimate of this 
last factor can be obtained from the sum of normative 
hypersthene and orthoclase. Since the ratio of whole-rock
228
rubidium to the sum of normative hypersthene and 
orthoclase increases from the basic to the acid rocks, 
it follows that rubidium should increase in biotite 
and potassium feldspar accordingly.
Similarly, the ratios of whole-rock manganese, 
zinc and gallium to normative hypersthene increase 
from the basic to the acid rocks, with the result 
that these three elements increase regularly in 
biotites from increasingly acid rocks, even though the 
whole-rock contents of these elements decrease in the 
same direction.
Gallium warrants special mention since it is 
preferentially concentrated in biotites relative to 
the whole-rock and coexisting minerals. It increases 
regularly from 27 p.p.m. in biotites from the most basic 
rocks to 47 p.p.m. in the acid rocks. Why gallium 
should be preferentially incorporated in biotite 
is not clear; the commonly held view that gallium shows 
a close coherence to aluminium is not supported by this 
observation since one would therefore expect it to be 
preferentially concentrated in plagioclase and 
potassium feldspar. Taylor (1966) has suggested that 
gallium may substitute for ferric iron since it is close 
in size to ferric iron and forms a more ionic bond with 
oxygen. Evidence for this suggestion is found in the 
high gallium content of magnetites (Wager and Mitchell, 
I9 5I» Sen et al., 1959)« However, both biotite and
hornblende contain similar amounts of ferric iron, in each 
case in octahedral sites, yet gallium is more than twice 
as abundant in biotite than in the coexisting hornblende. 
Clearly the geochemistry of gallium is imperfectly 
understood.
229
(iii) The elements nickel, cobalt and vanadium 
decrease in biotites from basic rocks to those from acid 
rocks. This trend is also in agreement with previously 
published trends for biotites (Nockolds and Mitchell,
19^8; Sen et al ., 1959» Haslam, 1968). In addition to 
these »three elements most authors record a similar 
decrease in chromium content of the biotites. In the 
Hartley biotites chromium is mostly below the limit of 
detection, rising to between 1 and 58 p.p.m. in three 
samples. The reason for this erratic behaviour is not 
clear since the whole-rock chromium content is moderately 
consistent, between 7 and 2k p.p.m.
The reason for the regular decrease in the three 
elements, nickel, cobalt and vanadium, is that the 
available amounts of these elements decrease more rapidly 
in passing from the basic to the acid end of the series than 
does the potential biotite content of the rocks. Since 
these elements are also present in hornblende it is 
useful to consider the ratio of the whole-rock content 
of these elements to the sum of normative hypersthene 
and diopside, which are measures of the biotite and 
hornblende content of the rock. In the case of vanadium 
a further assumption is required, Because of the high 
vanadium content of magnetite (Sen e t a l . , 1959» Duncan
and Taylor, 1968), most of the whole-rock vanadium will 
be concentrated in this mineral, and little is available 
for biotite and hornblende. In the Hartley rocks less 
than 70 per cent of the whole-rock vanadium is concentrated 
in biotite and hornblende. Therefore it is necessary 
to subtract the amount of vanadium entering magnetite 
from the whole-rock vanadium prior to ratioing with
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normative hypersthene and diopside. This figure is not 
available for the Hartley rocks, but an assumption 
of about 3,500 p.p.m. vanadium in magnetite does not 
seem unreasonable. Allowing for this uncertainty in 
the vanadium figure, it can be shown that the ratios of 
the three elements nickel, vanadium and cobalt in the 
rock, to the sum of the normative hypersthene and 
diopside, decrease from the basic to the acid end of the 
series. Consequently one would expect these elements 
to decrease in both biotite and hornblende in passing 
from the basic to the acid end of the rock series.
The barium content of the biotites also exhibits 
a tendency to decrease in passing from basic to more 
acidic rocks. This trend is not as well developed as 
for the other elements and several major reversals in 
trend occur. The erratic behaviour of barium has been 
noted previously in connection with the potassium 
f eld spars.
An interesting consequence of these characteristic 
trace element trends in the biotites is that in those 
from the Hartley rocks, the abundances of these trace 
elements cannot be related to the major elements with 
which they are assumed to be associated. Thus, nickel 
and cobalt decrease with slight increase in magnesium, 
and, conversely, manganese and zinc increase with 
decreasing ferrous iron content. Vanadium in biotites 
also decreases in passing from basic to acid rocks, 
whereas the titanium and ferric iron contents remain 
constant.
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Hornblende
Analyses of six separated hornblendes are presented 
in Table 6:6, which includes data for both major and 
trace elements. As was the case with the other minerals, 
phosphorus is assumed to be present in apatite inclusions. 
This has therefore been removed together with an 
appropriate amount of calcium, and the proportions of the 
other elements adjusted accordingly.
The composition can most conveniently be discussed 
in terms of the structural formulae which are listed in 
Table 6:7« These formulae have, again, been calculated 
on a water-free basis to 23 oxygen atoms. Inspection of 
Table 6:7 shows that with the exception of sample 51 from 
the Cox's River Diorite, the structural formulae of the 
hornblendes are similar for all rock types. The general 
formula for these hornblendes can be represented as:-
Na. 27Cal. 87K . 13(Ti’Fe> ’Fe2+ ’ MnMg’ Zn) h . S S ^ 1.07AliVL, 07
Sx6 .93°22  ^0H)2
This formula compares closely with a general formula given 
by Chappell (1966) for hornblendes coexisting with biotite 
in granitic rocks:-
Na.34Cal.81K .l4(Ti>Fe3+>Fe2+,Mn,Mg)4>87Alvi_l4Alivi>02
Sl6 .98°22^OH^2
Table 6:6 Chemical analyses of hornblendes
Hartley Lowther Creek
Granodlorite Granodlorlte
Avondale
Orthoclase-Diorite
Sawpltt Basic Cox's River
Diorite Inclusion Diorite
44 83 3 66 64 51
S102 4 9 .8 0 4 7 .0 7 4 6 .6 2 4 6 .9 9 4 6 .7 9 4 6 .8 6
t i o2 0 .8 9 1 .0 9 1 .2 0 1 .3 8 1 .4 9 1 .3 4
a i,o 3 4 .9 8 7 .1 7 6 .9 0 7 .4 2 7 .3 3 7 .7 1
r e 2°3 4 .0 4 5 .2 7 5 .0 3 5 .3 2 4 .7 0 3 .9 3
v 2°3 0 .0 3 o .o 4
0 .0 5 o .o 4 0 .0 5 0 .0 4
FeO 9 .1 8 9 .6 5 I I . 5 0 1 0 .3 0 9 .9 6 1 2 .5 8
MnO 0 .6 4 0 .6 1 0 .5 0 0 .5 0 0 .4 5 0 .4 9
MgO 1 4 .7 8 1 3 .4 8 1 2 .1 0 1 3 .0 4 1 3 .0 8 1 1 .8 9
ZnO 0 .0 3 0 .0 3 0 .0 2 0 .0 2 0 .0 2 0 .0 2
CaO 1 2 .0 1 1 1 .6 5 1 2 .0 3 1 2 .0 3 1 2 .0 2 1 1 . 0 0
Na2° 0 .8 0 I . 0 5 1 .0 1 0 .8 4 1 .0 6 3 .2 3
K2° 0 .4 8 0 .6 5 0 .7 7 0 .7 7 0 .7 7
0 .6 2
h 2o+ 2 .3 4 2 .1 0 1 .7 7 2 .0 0 1 .9 0 2 .0 7
Total 1 0 0 .0 0 9 9 .8 6 9 9 .5 0 1 0 0 .6 5 9 9 .6 2 1 0 1 .7 8
Traoe Elements (p.p.m.)
Ba u.d. 811 n.d. 9 n.d. 46
Hb 10 9 6 7 6 7
S r 25 66 51 73 81 87
Pb n.d. 9 1 n.d. n.d. n.d.
Nb 11 8 27 17 17 13
Y 50 83 215 71 100 74
La 31 38 71 27 32 21
Ce 87 130 265 106 131 99
Pr 8 20 39 15 20 15
Nd 34 65 162 52 88 55
V 188 261 319 259 323 289
Cr 2 44 n.d. 15 n.d. n.d.
Mn 4385 4226 3403 3282 3280 3376
Co 32 35 40 32 43 31
Ni 25 34 22 26 21 10
Cu 13 6 21 15 28 3
Zn 262 242 200 185 196 175
Oa 13 15 13 13 14 13
K/Hb 398 599 1065 901 1051 735
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The composition of amphiboles is highly variable, 
and Deer et al, (1963b) apply the term hornblende to
those amphiboles containing 1.8^ 0.1 Ca atoms per unit 
formula, and also having 1 atom of Al in fourfold 
coordination, a total of close to 1 atom in the group 
(A1V± + Fe^ + + Ti) and about 0.3 (Na + K) atoms per unit 
formula (Deer et al., 1963b, Figs. 71> 72). The Hartley
hornblendes, with the exception of sample 31> agree 
closely with this definition, but contain slightly less 
(Na + K) and (Al^ + Fe^+ + Ti) (Fig.6:4 ). The 
hornblende from the Cox’s River Diorite compares closely 
with the other hornblendes, and with hornblendes in 
general, except for the high total alkali (Na + K) 
content of 1.03» which is contributed to largely by Na 
(0.9l)> accompanied by a slight decrease in K. In many 
respects this amphibole is similar to the edenite end 
member.
The aluminium content of these hornblendes is low, 
mostly about 7 per cent, with the exception of sample 
44 which contains only 3 per cent (Table 6:6). As a 
consequence, aluminium in tetrahedral coordination is 
close to 1 atom, with the exception of sample 44 which 
contains only 0.8 atoms per unit formula. This latter 
hornblende is similar in tetrahedral aluminium content 
to several pale green hornblendes from the rocks of 
the Scottish Caledonides considered by Nockolds and 
Mitchell (l93l) to be of secondary origin. Although 
sample 44 is pale green in comparison with the other 
hornblendes, there is no indication that it is not 
of primary origin.
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The average content of aluminium in sixfold 
coordination in these hornblendes is 0.07 atoms per 
unit formula, the range being from 0.04 to 0.15» This 
is consistent with published analyses of hornblendes 
in granitic rocks, which range from zero to 0.61 atoms 
of A1 in octahedral coordination, but is slightly less 
than similar hornblendes from the Moonbi granites 
which contain an average of 0.14 atoms per unit 
formula (Chappell, 1966), and considerably less than 
hornblendes from the Sierra Nevada batholith (Dodge 
et al., 1968) which contain between 0.13 and 0.33 atoms
per unit formula.
The octahedral group is constant in these 
hornblendes, ranging between 4.93 and 3»31 atoms per
Q
unit formula. Within this group, FeJ remains roughly 
constant, as with the biotites, averaging 0.34 and 
ranging between 0.44 and O.38 atoms per unit formula. 
Chappell (1966) also records a constant Fe^+ content 
in the Moonbi hornblendes coexisting with magnetite and 
biotit e.
Chappell also notes a relatively constant titanium 
content in the Moonbi hornblendes, ranging between 
0.11 and 0.13 Ti atoms perunit formula. In the Hartley 
hornblendes, titanium is not constant but decreases 
with increasing basicity in the granitic rocks from 0.166 
to 0.098 Ti atoms per unit formula. This regular 
variation is unexpected since in these rocks the 
hornblende is coexisting with a variety of titanium­
bearing minerals such as sphene, ilmenite and biotite, 
and one would expect the titanium content of the 
hornblendes to be buffered.
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As in the biotites, most published analyses of 
hornblendes indicate an antipathetic relationship 
between magnesium and ferrous iron, with magnesium 
predominating in hornblendes from the basic rocks 
and ferrous iron in hornblendes from the acid rocks. 
Commonly, the range of the Mg/Mg + Fe^f ratio in 
hornblendes is from about 0.75 in gabbros and diorites 
to about 0.62 in granodiorites and adamellites.
Examples of this trend have been described from the 
Scottish Caledonides (Nockolds and Mitchell, 1948), 
from the Moonbi granites by Chappell (1966), and from 
the Sierra Nevada batholith (Dodge et al., 1968).
Horblendes from the Southern California batholith 
also exhibit an enrichment in iron with increasing 
acidity of the host rock, but it is much more 
pronounced than in other rocks, the Mg/Mg + Fe^4 ratio 
decreasing from 0.74 in the gabbros to 0.26 in the 
Rubidoux Mountain granite.
In the Hartley rocks, however, the Mg/Mg + Fe^+ 
ratio remains almost constant, as with the biotites, 
with a tendency to increase slightly at the acid end.
The range is from 0.63 in the Cox’s River Diorite to 
0.74 in the Hartley Granodiorite, and is almost 
exactly opposite to the variation of this ratio in 
hornblendes from the Garabal Hills - Glen Fyne complex 
(Nockolds and Mitchell, 1948) and the Moonbi granites 
(Chappell, 1966). Haslam (1968) also records increasing 
ratios of Mg/Mg + Fe^+ with increasing acidity of the 
host rocks in the hornblendes of the Ben Nevis complex, 
as well as in the biotites.
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As with the biotites, these increasing ratios 
are a function of the bulk composition of the host 
rock, reflecting the almost constant Mg/Mg + Fe^+ 
ratios in the rock, and provide further support for 
the suggestion that these rocks have been formed under 
a high and constant partial pressure of oxygen.
The total number of atoms in the X position, that 
is, sodium, calcium and potassium in most of tne 
hornblendes, with the exception of sample 51 > averages 
2.27 and ranges between 2.18 and 2.34 atoms. Of these, 
calcium averages 1.87 atoms per unit formula, which is 
close to the value of 1.8io.l Ca atoms per unit formula 
for the majority of hornblendes listed by Deer et al. 
(1963b). Sodium is about twice as abundant as potassium 
and averages 0.27 atoms per unit formula compared with 
0.13 atoms for potassium.
The sodium content of the hornblende from sample 
51 is very high, 0.91 atoms per unit formula, and is 
similar to some edenites (Deer et al., 1963b). In a 
compilation of analyses of hornblendes from granitic 
rocks, Chappell (1966 ) notes that the highest number 
of sodium atoms per unit formula is 0.70 in a hornblende 
from the Morven-Strontian complex (Nockolds and Mitchell, 
1948).
As with the biotites, the trace element variation 
in the hornblendes can be considered in three separate 
categories:-
(i) Elements showing little or no systematic 
variation include barium, lead, yttrium, the rare-earths, 
chromium, cobalt, nickel, copper and gallium. Yttrium
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and the rare-earth elements are relatively abundant in 
the hornblendes but erratic in their behaviour. Thus, 
yttrium ranges from 30 to 213 p.p.m., lanthanum from 
21 to 71 p.p.m., cerium from 87 to 263 p.p.m., 
praseodymium from 8 to 39 p.p.m., and neodymium from 
34 to 162 p.p.m. The only data available for comparison 
are the yttrium contents of hornblendes from the Ben Nevis 
complex (Haslam, 1968), which range from 43 to 100 p.p.m., 
and from the Sierra Nevada batholith (Dodge et a l ., 1968),
where the range is from 40 to 240 p.p.m.
The absence of systematic variation in chromium, 
cobalt, nickel and copper is unexpected since in most 
granitic rocks the content of these elements decreases 
in hornblende with increasing acidity (Nockolds and 
Mitchell, 1948; Sen et al., 19395 Haslam, 1968). A 
further feature is the very low chromium and nickel 
contents of these hornblendes compared with other 
published analyses. Cobalt, however, which ranges from 
31 to 43 p.p.m., is present in comparable amounts to the 
cobalt content of other hornblendes. These include 10 
to 43 p.p.m. in hornblendes from the Southern California 
batholith (Sen et al. , 1959)» 20 to 100 p.p.m. in 
hornblendes from the Scottish Caledonides (Nockolds and 
Mitchell, 1948), 24 to 60 p.p.m. from the Sierra Nevada
batholith (Dodge et al., 1968), and 36 to 36 p.p.m. from
the Ben Nevis complex (Haslam, 1968).
(ii) The elements rubidium, niobium, manganese and 
zinc increase in hornblendes fairly regularly from the 
basic to the acid end of the series. Similar increases 
for these elements, with the exception of niobium, are
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also found in the biotites, and are a reflection of the 
total rock chemistry. This is because the content of 
■these four elements either increases or decreases less 
rapidly than the major elements responsible for the 
formation of hornblende. The increase in rubidium is 
cnly slight, from 6 to 10 p.p.m., but because of the 
relative constancy of the potassium content, the K/Rb 
ratio also decreases from about 1000 to 400 with 
increasing acidity.
(iii) Only the elements strontium and vanadium 
decrease in the hornblendes with increasing acidity. 
Although a decrease in vanadium is typical of hornblendes 
from calc-alkaline rocks, recorded strontium values tend 
to be low and rather erratic. In the Hartley rocks, 
strontium decreases fairly regularly from about 80-90 
p.p.m. in hornblendes from the most basic rocks to 
about 25 p.p.m. in the most acid hornblende-bearing 
rock. Vanadium decreases from about 300 p.p.m. to about 
190 p.p.m. Similarly, in the Southern California 
batholith it decreases from about 270 p.p.m. in hornblendes 
from gabbro to about 170 p.p.m. in hornblende from the 
Rubidoux Mountain granite.
In addition to this data on hornblendes from the
Vgranitic and diorite rocks, P. Jakes has kindly made 
partial X-ray microprobe analyses of hornblendes from 
the gabbro and hornblendite of the Cox's River intrusion. 
These hornblendes, which are brownish in colour, differ 
from the previously described hornblendes in that they 
contain abundant aluminium, about 15 per cent, and are 
probably pargasitic. Nockolds and Mitchell (1948) 
also record brown hornblendes containing from 9•7 to
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12.2 per cent aluminium in similar basic rocks such as 
hornblendite, appinite and appinitic diorite. Similar 
horblendes have been recorded in calc-alkaline volcanic 
rocks by Smith and Carmichael (1968) and by Haslam 
(1968), and have been crystallised from a high-alumina 
quartz tholeiite, under hydrous conditions at 9-10 Kb 
(Green and Ringwood, I968).
Pyroxenes
Clinopyroxene is present in small amounts in the 
Avondale Orthoclase-Diorite, where it is usually rimmed 
or partially replaced by hornblende, and is abundant in 
the Cox’s River Gabbro in association with orthopyroxene 
and minor hornblende. Only one complete analysis is 
available, of a clinopyroxene separated from the Avondale 
Orthoclase-Diorite (sample 3):~
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* p . p . m
Si0o 51.^3 Ba n. d .
T102 0.63 Rb ^3
a 12°3 1.89 Nb 6
Fe2°3 2.47 Y 96
FeO 8.45 La 47
MnO 0.59 Ce 149
MgO 13.35 Pr 17
CaO 20.29 Nd 16
Na2° 0.38 V 150
K 2° 0.17 Cr 6
Mn 4067
Total 99-65 Co 28
Ni 18
Cu 84
Zn 162
G el 3
The structural formula of this pyroxene calculated on 
the basis of 6 oxygen atoms is as follows:-
Si
A1
A1
Ti
i v
vi
Fe
Mn
Mg
Ca
Na
K
+  
2 +
1.933
0.067
o;oi6 
0.018 
0.070 
0.266 
0.019 
0.7^8
0 .817*
0.028
0.008
2.000
1.137
0.853
WoU2.5 En39.0 F s18.5
24o
This is a typical, augite, characteristic oT tholeiitic 
and calc-alkaline intrusive rocks (Deer et a l ., 1963b;
Brown, 1967) and is very similar to clinopyroxenes in 
Quartz-Mica Diorites from the Scottish Caledonides, 
particularly from the Carn Chois intrusion which 
contains the most acid diorite in which clinopyroxene 
is present (Nockolds and Mitchell, 1948).
The aluminium content is low compared with a normal 
range of 2.25 to 4.8 per cent Al^O^ recorded' by Deer 
et al . (1963b) . Clinopyroxenes with similarly low 
aluminium contents, averaging 1.77 per cent, compared 
with I.89 per cent, have been described from the Ben 
Nevis complex by Haslam (1968).
According to Deer et al. (1963b) the manganese
content of most augites is low, averaging about 0.21 
per cent. In this particular augite, however, 
manganese is high, 0.59 per cent, similar to the average 
of O.58 given by Deer et al. (1963b) t'or the f erroaugites, 
despite the fact that the iron content is well below 
that of most ferroaugites. However, the ferric iron 
content is also slightly higher than many augites and 
is more closely comparable with the ferric iron content 
of ferroaugites.
The chromium, nickel and cobalt contents of this 
clinopyroxene are very low in comparison with analyses 
of clinopyroxenes from similar rock types such as the 
dioritic rocks from the Ben Nevis complex (Haslam, 1968) 
and the Pyroxene-Mica Diorite from the Garabal Hills «=» 
Glen Fyne complex (Nockolds and Mitchell, 1948), and 
can be attributed to the generally low abundance of 
these elements in the Hartley rocks. In contrast,
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vanadium, which is present in the host rock in comparable 
amounts to other similar rock types, is fairly abundant in 
comparison with other augite analyses.
The yttrium and lighter rare-earth contents of the 
pyroxene are much higher than values listed by Haskin 
et. al. (1966) for pyroxenes from the San Marcos Gabbro and
a Japanese Eclogite, and are very similar to the abundances 
of these elements in the Hartley hornblendes (Table 6:6).
Clinopyroxenes from the Cox's River Gabbro have
Vbeen partially analysed semi-quantitatively by P. Jakes, 
using an electron-microprobe. They are similar in 
composition to the augite from the Avondale Orthoclase- 
Diorite, but contain slightly higher magnesium contents. 
The calcium content is high, about 19 - 20 per cent, 
and the titanium and aluminium contents are low, about 
0.6 - 0.8 and 1.7 - 2.4 per cent respectively.
There is increasing evidence, both petrological 
and experimental, that the aluminium content of 
clinopyroxenes tends to be higher in rocks that have 
crystallised in a high pressure environment than in 
rocks of similar composition that have crystallised 
in a low pressure environment (Brown, 196$; Green and 
Ringwood, 1968). Since the aluminium contents of the 
augites from both the Cox's River Gabbro and the Avondale 
Orthoc.lase-Diorit e are less than the range for Al^O^ in 
most of the augites listed by Deer e t al. (196.3b), and
comparable to Al 0 values for clinopyroxenes from 
high level intrusions such as the Skaergaard intrusion 
(Brown, 1957) and the Ben Nevis complex (Haslam, 1968) 
it does not seem unreasonable to suggest that these 
pyroxenes have crystallised at shallow depths.
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THE DISTRIBUTION OF TRACE ELEMENTS WITHIN THE HOST ROCKS
It has been suggested at the beginning of this 
chapter that whole-rock chemistry controls the 
mineralogical composition, and that the trace element 
content of the minerals is dependent on the whole-rock 
content of the trace element in question, the nature 
and abundance of the minerals present, the abundance of 
other elements likely to compete for the same mineral 
site, and the distribution coefficients for coexisting 
phases.
It is the purpose of this section to examine 
qualitatively the effects of these variables, by showing 
how the various trace elements are distributed between 
the minerals of a particular rock, and where the bulk of 
an element is located within the rock. This is done by 
calculating, from the mineral analyses, the contribution 
of each mineral to the total amounts of each element 
in the rocks. This is illustrated in Table 6s8, which 
gives the analysis of each mineral in a particular rock, 
the contribution of each mineral to the total trace 
element content, and a comparison of the element content 
of the whole-rock and that estimated from the mineral 
analyses. Similar ’balance sheets’ have been presented 
by Nockolds and Mitchell (1948) for the Scottish 
Caledonides and by Wager and Mitchell (l95l) for the 
Skaergaard intrusion.
There are several factors which will tend to cause 
discrepancies between the rock analyses and the summation 
of the mineral analyses. These are:-
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1 It is assumed that the compositions of the 
mineral concentrates are representative of 
the actual minerals in the rocks.
2 There may be errors in the modal analyses.
An attempt has been made to keep this to a 
minimum by using especially large thin 
sections.
3 An element may be present mainly in accessory 
or secondary minerals that have not been 
analysed.
Bearing in mind these potential sources of error, the 
distribution of the trace elements in the Hartley 
rocks can be discussed with the aid of Table 6:8.
Barium is present mainly in potassium feldspar 
and biotite, and is variably distributed between these 
two minerals in different rocks. In some rocks barium is 
more abundant in biotite than in potassium feldspar, 
in others the opposite is the case. The barium content 
of plagioclase is relatively low, about one tenth the 
concentration in biotite and potassium feldspar. In 
the most acid rocks the bulk of the barium is located 
in potassium feldspar, but decreases with increasing 
basicity until biotite and plagioclase contain most of 
the barium. The agreement between the rock composition 
and the sum of minerals is fairly reasonable for most 
rocks, and when in error tends to be overestimated 
in the minerals.
Rubidium is from 1.7 to 2.3 times more abundant in 
biotite than in coexisting potassium feldspar, and as with 
barium, most of the rubidium in the acid rocks is present 
in potassium feldspar whereas in the more basic, dioritic
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rocks most of the rubidium is concentrated in biotite. 
Although the rubidium content of plagioclase is low 
compared with biotite and potassium feldspar, in 
the d.ioritic rocks plagioclase contains up to $0 
per cent of the total rubidium, as in the Cox’s River 
Diorite. The agreement between rock and mineral 
rubidium is quite close.
Strontium is present primarily in plagioclase 
and potassium feldspar and to a much lesser extent 
in hornblende. The strontium content of plagioclase 
is about 1.4 and 2.6 times greatör than in coexisting 
potassium feldspar. The consequence of this is 
that with decreasing acidity the bulk of the 
strontium in the rock becomes increasingly concentrated 
in the plagioclase. The balance between the sum of 
strontium in the minerals and the whole-rock content 
is reasonable for most rocks, with a tendency to 
overestimate strontium from the mineral abundances.
Lead is most abundant in potassium feldspar, and to 
a much lesser degree in plagioclase. However, in the 
more basic rocks where plagioclase is predominant, the 
bulk of the lead accounted for in the rock is found in 
plagioclase. In most rocks the sum of lead in the 
minerals is considerably less than the whole-rock lead, 
suggesting that it may be present in another phase, 
possibly as small quantities of galena.
Zirconium data have been discussed previously and are 
always less in the sum of the minerals than in the 
whole-rock analysis.
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Niobium is present in both hornblende and biotite, 
but distribution between the two is rather erratic, 
with a. tendency to be more abundant in biotite in the 
acidic rocks and in hornblende in the basic rocks. 
Consequently, in the basic rocks a large part of the 
niobium accounted for is present in hornblende. The 
niobium content of the minerals is always much less than 
the niobium content of the rocks, particularly in the 
more acid rocks. This suggests that much of the niobium 
is contained in accessory minerals such as sphene and 
ilmenite.
Yttrium and the Rare-Earths are concentrated almost 
exclusively in hornblende, with minor amounts in 
plagioclase and biotite. Even so, because of the 
abundance of plagioclase relative to hornblende, a large 
part of the yttrium (and probably the rare-earths) accounted 
for is present in plagioclase. The mineral summations 
are always low compared to the rock analyses, 
suggesting that a large proportion of the rare-earth 
content of the rocks is contained in accessories such 
as apatite and sphene. This appears to be contradictory 
to the findings of Haskin et al. (l966), who state that 
the major proportions of the rare-earths are concentrated 
in the rock-forming minerals.
Vanadium is from 1.3 to 1.7 times more abundant in 
biotite than in hornblende, and in the acid rocks most 
of the vanadium accounted for is in biotite, whereas 
it is equally distributed between the two in the dioritic 
rocks. The vanadium content of the rock is always higher 
than the sum in the minerals, presumably because most 
of the vanadium in the rock is present in magnetite.
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Manganese is concentrated in. hornblende in preference 
to biotite, the distr ibution ratio varying between 1.3 and. 
2.0. Greenland etal. (1968) examined the distribution 
of manganese between coexisting hornblende and biotite 
in plutonic rocks and found that the distribution 
coefficients (K^) ranged between 1.0 and 2.2 regardless 
of the composition and provenance of the host rock. The 
Hartley data compare closely with the distribution 
coefficients found by Greenland et a1. but are rather 
scattered. If only the granitic rocks are considered 
(excluding sample 3 which also contains coexisting 
clinopyroxene), the scatter is largely removed and the 
distribution coefficient ranges between 1.29 and 1.4l.
With increasing basicity of the rock, the bulk of 
the manganese that can be accounted for is present 
in hornblende. However, the mineral summation does not 
account for all of the manganese, probably because some 
is also present in magnetite.
Nickel is concentrated in biotite in preference to 
hornblende, the distribution between the two in the 
granitic rocks increasing regularly from I .76 to 2.23 with 
increasing basicity. In the Cox's River Diorite, the 
distribution ratio is I .50 in favour of biotite. The 
balance between the sum of the nickel content of the 
minerals and the whole-rock content is very close for 
most rocks, suggesting that nickel is not concentrated 
to any extent in any other mineral, even magnetite. In 
the more acid rocks, the bulk of the nickel is located 
in biotite, but it is distributed evenly between, biotite 
and hornblende in the more basic, hornblende-rich rocks.
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Zinc, like nickel, is concentrated in biotite in 
preference to hornblende, the distribution ratio ranging 
between 1.4 and 1.8. There is no apparent relationship 
with whole-rock composition. The bulk of the zinc 
accounted for is present in biotite in the acid rocks 
and is evenly divided between biotite and hornblende in 
the more basic rocks. The mineral summation is always 
less than the whole-rock zinc content, particularly in 
the more acid rocks, thus suggesting that zinc is also 
present in some other mineral, possibly magnetite, or 
minor accessory sphalerite.
Gallium is present in most of the minerals, where 
it is preferentially concentrated in the following order: 
biotite, plagioclase, hornblende, potassium feldspar. 
Because of the greater abundance of plagioclase in 
comparison with biotite and hornblende, most of the 
gallium in the rocks is contained in the plagioclase.
The mineral summation compares closely with the gallium 
content of the whole-rock in most cases.
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7 PETROGENESIS
In the preceding sections it has been convenient 
to discuss the data in terms of the two principal aims 
of the thesis: to determine whether the rocks at
Hartley belong to a single, coherent, plutonic calc- 
alkaline series, and whether the granitic rocks are 
hybrids formed by the contamination of an acid melt 
with more basic solid material. In addition, it has 
also been found convenient to discuss the associated 
basic rocks in terms of a fractional crystallisation 
hypothesis. There are, of course, many other 
alternative hypotheses which could be invoked to 
account for the origin of the Hartley rocks, and the 
purpose of this section is to integrate the data and 
hypotheses presented previously with these alternatives, 
in an attempt to present a petrogenetic model that will 
contribute to an understanding of the origin of these 
rocks, and which may throw some light on the genesis of 
calc-alkaline rocks in general.
Before discussing the origin of these rocks, it 
is necessary to consider in detail the association of 
the basic and granitic rocks in the Hartley area and 
elsewhere, since some of the implications of this 
association have considerable bearing on the origin 
of these and other calc-alkaline rocks.
THE QUESTION OF THE COHERENCE OF CALC-ALKALINE ROCK SERIES
When considered as a whole, the plutonic rocks 
in the Hartley area appear to constitute a typical example
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of a complete calc-alkaline series, ranging in composition 
from gabbro to acid granite; and on the basis of field, 
petrographic and chemical evidence they are closely 
comparable with many other plutonic calc-alkaline series. 
As a consequence of this, they can be considered to be 
comparable with calc-alkaline rocks in general, both 
plutonic and volcanic.
Many examples of the plutonic series are 
characterised by the association of small basic bodies 
with large granitic batholiths or plutons, as at Hartley, 
and in most studies it has been stated, or assumed, that 
these basic bodies are chemically and genetically related 
to the associated granitic rocks. Examples of this 
association have been described in the introduction to 
the thesis, where it was pointed out that two main 
hypotheses are prevalent: either the rocks are taken
to belong to a hybridisation series in which the basic 
rocks are remnants of the contaminating basic parent 
(Wells and Wooldridge, 1931; Nockolds, 1931, 1933;
Joplin, 1933, 1944; 1949; Deer, 1933, 1938; Chayes,
1936) or they are taken to be the product of fractional 
crystallisation with the basic rocks representing 
either the primary parent magma (Joplin, 1931; Larsen, 
1948) or the cumulative product of fractional 
crystallisation of an intermediate magma (Nockolds, 1940; 
Nockolds and Mitchell, 1941; Nockolds and Allen, 1933)«
In the case of the Hartley rocks, there is a 
considerable body of evidence indicating that the basic 
and granitic rocks are not related. This evidence 
includes:-
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1 Contrast in grain size between the basic and 
granitic rocks.
2 The complete absence of basic xenoliths in the 
basic rocks in contrast to their abundance in 
the granitic rocks, particularly in the more 
basic varieties.
3 The regular variation in plagioclase composition 
in the basic rocks in comparison with the more 
irregular variation in the granitic rocks
(Fig. 3:7)-
4 The slight difference in the composition of 
biotite and hornblende from the Cox’s River 
D.iorite in contrast to the uniform composition 
of these minerals in the granitic rocks.
5 Absence of granitic rock that is directly 
comparable in composition with either the 
tonalite or the quartz-rich diorite from
the Cox’s River intrusion, despite comparable 
silica contents.
6 The chemical data.
Of these the chemical data are the most important, 
since it has been established that there are highly 
significant differences in trends, inter-element 
relationships and behaviour of elements in the basic and 
granitic rocks. It has also been established that the basic 
rocks are not chemically compatible as basic parent material 
from which to derive the granitic rocks by a process of 
hybridisation.
On the basis of this evidence it is possible to 
conclude that the basic and granitic rocks do not belong
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to a single coherent calc-alkaline series, and that they 
represent two such series that are not directly related 
to each other.
Taubeneck (1957)» in a study of the Bald Mountain 
batholith, has also questioned the genetic relationship 
between the granitic and tonalitic rocks of the batholith 
and the associated norite stocks, and has concluded that
a significant feature of the Bald Mountain 
batholith is an intrusive series of basic to 
felsic rocks which apparently are not derivatives 
from the same magma. Nevertheless, if analyses 
of these rocks are plotted, curves can be drawn 
showing a variation similar to the trends found 
in other calc-alkaline associations. As the 
systematic variation of these trends correlates 
reasonably with physico-chemical predictions 
of what might happen during the crystallisation 
of mafic magmas, variations of this type are generally regarded as evidence of derivation 
from one magma. Such a conclusion is unwarranted.
A basic, but often ignored fact is that a 
variation diagram shows only variation and never 
mode of formation..
Jopin (1959)» in a general review of the association 
of basic bodies and granitic batholiths, has also 
suggested that the basic rocks are not directly related 
to the granites, but that they are emplaced into geosynclinal 
sediments prior to the intrusion of the granites, which 
react with them to produce local hybrid rocks. This 
suggestion has been applied by Mercy (1963) to the 
rocks of the Scottish Caledonides. He points out that the 
small volume of these basic bodies in comparison with 
the large volume of granitic rocks is not compatible 
with a fractional crystallisation origin of these rocks 
from parental diorite magma as suggested by Nockolds
(1940).
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More specifically, Steiner (1958) has shown that 
there is a compositional hiatus in the calc-alkaline 
rocks of the Taupo Volcanic zone and that two main 
series are present. These are, a basic series consisting 
of basalt and andesite, and ranging in silica content 
from 49.5 to 64 per cent, and an acid series of rhyolite 
and ignimbrites ranging from 71 »5 to 77 per cent silica. 
Steiner considers the basic series to be a product of 
fractional crystallisation of basaltic magma contaminated 
by acid gneisses, and the acid series to be the product 
of partial melting of acid gneisses. Intermediate 
rocks are rare, and consist of a few dacites which Steiner 
regards as the final fractionation product of the basic 
series.
Chayes (1964) also draws attention to a similar 
compositional hiatus in the calc-alkaline volcanics 
from Crater Lake, observing that there is not a single 
analysis in the data tabled by Williams (1942) with 
a silica content between 62.1 and 66.3» and that this 
hiatus is also observable for other major elements. As 
is the case with the Taupo volcanics, there appear to be two 
sub-series, a basalt-andesite series and a more acid 
dacite-pumice series, and Chayes suggests that, although 
the number of analyses is too small for precise testing, 
there is a strong hint of heterogeneity or biomodality 
in the parent population. This suggestion receives some 
support from the work of Smith and Carmichael (1968) 
on a series of basaltic and andesitic lavas from three 
volcanic centres in the Southern Cascades (Lassen Peak, 
Medicine Lake, Mt. Shastra). These authors note that 
when the data are plotted on an AMF diagram the trend
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Detween the residual glasses and the whole rocks 
liffers from the main trend of all the lavas considered 
together. They, suggest that this may indicate that the 
nore salic lavas and the residual glasses are not related 
to the basalts in the same way.
Compositional breaks in plutonic calc-alkaline 
rocks have also been described. Thus, Hall (1966a, 1967a) 
shows that there is a compositional break between the 
granitic rocks of the A^dara pluton and the associated 
ippinites, and concludes, because of the absence of 
intermediate rocks, that the granites and appinites 
are unrelated and that both have developed independently 
in a ’wet’ orogenic environment. Gulson (1968), in a 
study of the diorites associated with the Yeovil batholith, 
also records a chemical hiatus betwen the diorites and 
tie associated granites. The granites are of fairly 
aniform composition, none have a silica content less 
than 73 per cent, whereas the diorites are of variable 
composition, the most acid having a silica content of 
54.4 per cent. Gulson also concludes that there is no 
evidence for a genetic relationship between the granites 
and the diorites, but suggests that both may be produced 
by partial melting of basic material under differing 
physical conditions.
All these examples, characterised by pronounced 
compositional breaks, with a consequential lack of 
intermediate rocks, suggest that the rocks in question 
do not belong to a single calc-alkaline series, but are 
in fact members of two such series, a basic and an acidic 
series, as are the Hartley rocks. Additional support 
for this suggestion is provided by the many examples of
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calc-alkaline rocks that cover only a limited compositional 
range either at the basic or acid end of the series.
Examples from the basic end of the calc-alkaline 
series include lavas from the vicinity of Paracutin 
(Williams, 1950) which include basalts and andesites and 
range in silica content from 48.0 to 62.6 per cent. (The 
lavas from Paracutin itself are much more restricted in 
composition, ranging from 54.9 to 60.4 per cent silica 
(Wilcox, 1954). Similarly, Coats has described basalts 
and andesites from the Aleutian islands of Adak, Kanaga 
(Coats, 1952) and Semisopochnoi (Coats, 1959) which 
range in silica content from about 48 to 65 Per cent.
This is also the compositional range found by Baker 
(1967) Tor lavas from the M t . Misery Volcano, which 
include basalts and andesites and range from 47*9 to 
65*4 per cent silica. Plutonic examples from the 
basic end of the calc-alkaline series are not common 
and are usually associated with basaltic and andesitic 
volcanics. They include many small intrusive plutons 
from the Aleutian islands, consisting of gabbros, 
diorites and granodiorites, and ranging in silica content 
from about 46 to 66 per cent (Fraser and Snyder, 1959» 
Drewes et al., I96I; Byers, 1961). The Sano Stock
(Yajima, I96I, quoted in Kuno, I968) appears to be somewhat
similar, consisting of pyroxene gabbro, and hornblende 
diorite ranging from 47 to 54 per cent silica. Both the 
Sanyo Stock and the Aleutian intrusives contain very 
minor veins of siliceous aplite with about 74 to 77 per 
cent silica, but rock types intermediate between these 
and the diorites and granodiorites are not recorded.
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Examples from the acid end of the calc-alkaline 
series, both volcanic and plutonic, are extremely 
abundant, and include extensive rhyolite-dacite ash flow 
deposits and the many granitic batholiths that are not 
associated with basic bodies. Examples of the former 
have been described by Smith (i960), Boyd (1961),
Lipman et al. (1966) and Branch (1967)» A characteristic 
feature of all these acid volcanics is the vast volumes 
that are involved, and the restricted compositional 
range, which is usually between 69 and 77 per cent 
silica. As an example, Branch (1967) estimates that 
about 2000 cubic miles of rhyodacite welded tuffs were 
erupted in eleven cauldron subsidence areas in the 
Georgetown Inlier, Queensland, with an average silica 
content of 73*9 per cent and a range from 70.1 to 76.5 
per cent silica. Examples of granitic rocks that fall 
into this category include, the Dartmoor granite (Brammall 
and Harwood, 1932) which ranges from 66.1 to 76.3 per 
cent silica, the Mourne Mountain granite (Brown, 1956) 
ranging from 68.1 to 77*5 per cent silica, the 
Murrumbidgee batholith (Snelling, i960) with a compositional 
range of 63*5 to 75*7 per cent silica, the Rosses granite 
complex (Hall, 1966b) which ranges in silica between 69*2 
and 75»7 per cent, and the Moonbi granites (Chappell,
1966) which range between 60.3 and 75*3 per cent silica.
All these examples, pointing to the existince of 
distinct acid and basic series within the calc-alkaline 
series as a whole, are of restricted composition. The 
importance of the Hartley rocks to this argument is that 
even in a case where there appears to be complete chemical 
variation typical of the calc-alkaline series, it can be
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demonstrated that in fact this is not a single series 
but two sub-series, basic and acidic, overlapping in 
composition between 55 and 67 per cent silica. Furthermore, 
on the basis of contrasting field relationships and 
behaviour of certain elements, it has been suggested that 
these two sub-series have originated by entirely different 
processes. If this is correct, then it follows that the 
dioritic rocks, which occur in both the acid diorite- 
adamellite series and the basic gabbro-tonalite series, 
although broadly similar in chemistry and mineralogy, are 
of different orgin. In other words, there are 1diorites 
and diorites’, even within a single plutonic association.
Possible useful criteria for distinguishing between 
these two types of diorite may include
1 Pretence or absence of basic inclusions.
2 Behaviour of certain critical elements such as 
phosphorus, zirconium, barium, strontium, yttrium 
and the rare-earths in the diorites and associated 
ro cks.
These conclusions do not imply that all calc-alkaline 
’series’ are heterogeneous, but they do indicate that 
some may be, and that no single hypothesis will be adequate 
to account for the origin of these rocks.
A further consequence of the difference between the 
basic bodies and the associated granite rocks is that it 
throws some doubt on the accepted intrusive relationships 
for granitic rocks, that is, successive intrusions of 
increasing acidity. Thus, if the gabbros, diorites and 
tonalites, all of which are invariably intruded earlier 
than the granitic rocks, are not related to these granitic 
rocks, then it becomes necessary to establish the relative
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age relationships within the granitic rocks themselves, 
and it follows that intrusive relationships based on the 
basic rocks as well as the granitic rocks could be in 
error, particularly since the fact that a diorite or 
gabbro is earlier than a granodiorite is likely to 
influence one’s interpretation to a greater degree tjhan 
an apparent anomaly in the intrusive relationships of 
two granodiorites not greatly dissimilar in composition.
Some recent detailed studies of granitic rocks suggest 
that these deductions may not be in error. Hall (1966b), 
in a study of the Rosses granite complex, questions the 
assumption that granites are intruded in strict order of 
chemical composition, and states that the order of intrusion 
in this particular complex has been-from acid to more basic 
to acid again. In the Moonbi granites, Chappell (1966) 
records a progressive emplacement from acid to basic 
rocks, and notes that this is precisely the order one would 
expect if partial melting is involved (Tilley, 1950)» In 
the present study, it has been noted that either the 
Redfern Adamellite has been intruded following the Avondale 
Orthoclase-Diorite and preceding the Lowther C reek and 
Hampton Granodiorites, or, alternatively, rocks compositionall} 
similar to the Lowther Creek Diorite have been intruded 
twice, both before and after the intrusion of the Redfern 
Adamellite. Similarly, detailed studies now in progress 
on the Berridale batholith have shown that there are no 
regular intrusive relationships (White, pers. comm.) and 
in fact the most acid rock in the batholith, containing 
about 75 per cent silica, is intruded by the most basic 
rock, a granodiorite with a silica content of about 68 
per cent.
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In a presidential address to the Geological Society 
of America, Krauskopf (1968) discusses the intrusive 
relationships of ten granite plutons in the Inyo 
batholith, and advances the thesis that some questions 
concerning the intrusive relationships, make-up and 
formation of batholiths are intrinsically unanswerable. 
Whether one agrees with Krauskopf1s philosophy or not, 
it is clear that in the Inyo batholith, which is 
composed of 'very ordinary rocks' ranging from 
granodiorite to granite, there is no clearly defined 
order of intrusion.
HYPOTHESES CONCERNING THE ORIGIN OF CALC-ALKALINE ROCKS
There are numerous hypotheses concerning the origin 
of calc-alkaline rocks, a reflection of the current 
interest in these rocks and of the complexities 
associated with them. Some of these hypotheses are 
of a general nature, and have been applied to calc- 
alkaline rocks as a whole, both plutonic and volcanic, 
while others have be.en more specific and concerned with 
particular rock types within the calc-alkaline 'series' 
such as granites or the voluminous ash-flow and rhyolite 
deposits. This implies a polygenetic origin for the 
calc-alkaline rocks, and is in accord with suggestions 
made in the preceding discussion for the Hartley rocks 
and for calc-alkaline rocks in general. Briefly, these 
hypotheses may be summarised as follows:-
1 Fractional crystallisation of basic magma
Bowen (1928), on the basis of laboratory experiment 
and petrographic observations, considered that the
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calc-alkaline rock series were the product of fractional 
crystallisation of basaltic magma, and that the final 
product of fractionation was an acid magma of granitic 
composition. This suggestion received wide acceptance, 
and was applied by Joplin (l93l) to the Hartley rocks, 
and by Larsen (19^8) to the Southern California 
batholith, for calc-alkaline rocks of the San Juan region 
(Larsen and Cross, 1956).
Nockolds (19^0), in a study of the Garabal Hills - 
Glen Fyne complex, subsequently modified this theory, 
suggesting that diorite was the parent magma from which 
more acidic rocks were derived, and that the basic rocks 
were of cumulative origin. In subsequent papers 
(Nockolds and Mitchell, 1951» Nockolds and Allen, 1953) 
Nockolds and his co-workers attempted to extend this 
hypothesis to calc-alkaline rocks in general.
One of the main objections to the crystal 
fractionation hypothesis is that in known examples of 
fractional crystallisation of basaltic magma, iron 
enrichment takes place, whereas calc-alkaline rocks 
are characterised by absence of iron enrichment.
Osborn (1959» 1962, 1969) has modified Bowen’s 
theory, and demonstrated, on the basis of experimental 
evidence, that fractional crystallisation under high and 
constant oxygen pressure can give rise to silica 
enrichment and iron depletion similar to that in the 
calc-alkaline trend, whereas fractional crystallisation 
under low and decreasing oxygen pressure may lead to 
iron enrichment trends exemplified by the Skaergaard 
intrusion and many other intrusive tholeiitic bodies. 
Osborn suggests that the high oxygen pressures necessary
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for the development of the calc-alkaline trend may be 
related to a higher water content of calc-alkaline 
magmas in comparison to the relatively dry tholeiitic 
magmas. Hamilton and Anderson (1968) discuss Osborn's 
hypothesis and conclude that the presence of 
1signifleant’ amounts of water in the differentiating 
melt, of the order of one per cent or more by weight, 
would definitely be of importance in controlling 
the oxygen pressure, but state that unless it can be 
shown that the oxygen content is buffered by the 
diffusion of hydrogen from the melt, then the oxygen 
pressure would drop considerably, resulting in both 
iron and silica enrichment.
Wager and Brown (1968) support Osborn’s hypothesis, 
applying it to the Skaergaard intrusion, but suggest 
that if the initial Skaergaard magma had been wet rather 
than dry, fractionation would have followed the calc- 
alkaline trend, but would not have produced large 
quantities of acid magma. Kuno (1968b) also adopts 
Osborn’s hypothesis and attributes the origin of the 
hypersthenic and pigeonitic volcanic rocks of Japan to 
crystal fractionation of basaltic rocks under varying 
conditions of water vapour pressure (which, in turn, 
controls the oxygen pressure and the crystallisation 
of magnetite), and suggests that there is complete 
gradation between the iron-enrichment trend, the 
pigeonitic, and the hypersthenic rock series, depending 
on the water content of the magma. He also suggests 
that the ’room problem’, a major argument against 
fractional crystallisation, is not critical, and
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applies equally to tholeiitic plateau lavas as to the 
calc-alkaline rocks.
2 Contamination of basaltic magma by sialic material
This hypothesis, first proposed by Daly (1933)1 
has received considerable support because it overcame 
many problems associated with fractional crystallisation 
and accounted for the confinement of calc-alkaline 
volcanic chains and intrusive plutons in continental 
orogenic zones. Tilley (1950) and Kuno (1950) also 
suggested that contamination of fractionating tholeiitic 
basaltic magma with acid crustal material would extend 
the fractionation process to give rise to the more 
acid rocks. Tilley (l950) and Larsen and Cross (1956) 
have pointed out that the groundmass of porphyritic 
andesites is more acid than the whole rock, and that 
providing the acid liquid can separate from the 
phenocrysts, then fractionation must occur. These 
ideas have also been adopted to varying degrees by 
Wilcox ( l95M> Waters (l955)> Steiner (1958) and 
Coats (1962).
3 Mixing of magmas
Many examples have been cited of the mixing of 
acid and basaltic magmas to produce rocks of intermediate 
composition. Most of these examples have been reviewed 
by Blake et al. (1965) and Macdonald and Katsura (1965)* 
All are of local development and the intermediate rocks 
so produced constitute an insignificant proportion of 
the total volume of rocks in the area. However, as has 
been pointed out by Macdonald and Katsura, these rocks 
can only be recognised when mixing is incomplete, and
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this raises the question whether andesites are the final 
product of this process in which all evidence of their 
mixed origin has been obliterated.
4 Partial or complete melting of crustal rocks
The suggestion by Eskola (1932) that granitic rocks 
may be produced by partially melting crustal material 
in orogenic regions, was extended by Holmes (1932) to 
include both plutonic and volcanic calc-alkaline rocks. 
These suggestions received considerable support from the 
experimental work of Tuttle and Bowen (1958) on the 
synthetic granitic system, and the progressive partial 
melting of pre-existing crustal rocks to produce 
granitic magmas, ranging from diorite to adamellite in 
composition, has consequently been widely accepted 
(Wyllie and Tuttle, I960, 1961; Barth, 1962; Kleeman,
1 9 6 5» Moox’bath and Bell, 1 9 6 5» Bateman and Eaton,
1967» Hall, 1966b; Hamilton and Myers, 1967)«
Steiner (1958), followed by Ewart and Stipp (1 9 6 8), 
has also suggested that the extensive rhyolite and pumice 
deposits of the Taupo Volcanic zone are the product of 
partial melting of basement material. Turner and 
Verhoogen (i9 6 0) have further extended this theory, 
suggesting that all the calc-alkaline rocks, including 
basalt, may be the product of partial or complete 
melting in the ’roots’ of orogenic zones.
5 Hybridisation
Theories concerning the hybrid origin of calc-alkaline 
rocks, particularly plutonic rocks, have received wide 
acceptance. Wells and Wooldridge (l93l) described the 
local contamination of granite by gabbro, and suggested 
that the same process may have beenioperative in the
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formation of larger granite bodies. Both Nockolds (1931» 
1933) and Holmes (1932) have extended these ideas to 
calc-alkaline rocks in general, suggesting that they 
are the product of contamination of an acid magma with 
solid basic igneous material. These authors differed 
in the way in which they derived their acid parental 
magmas. Holmes appealed to the partial melting of 
crustal material, whereas Nockolds (1934) suggested 
that the acid melt was the product of fractional 
crystallisation, and that it subsequently reacted 
with the basic fraction to produce intermediate hybrid 
rocks. Nockolds used this hypothesis of contrasted 
differentiation to account for the frequent association 
of basic rocks with granite batholiths. It also 
allowed for the contamination of the acid melt at its 
source, rather than by some accidental process, as 
is implied by Holmes’ hypothesis.
Since these early studies, many authors, have 
postulated a hybrid origin for calc-alkaline rocks.
These include, Thomas and Smith, 1932, Joplin, 1933*
1944, 1959; Deer, 1935» 1938; Chayes, 1956; Chappell, 
1966; Wilkinson, 1966. Chappell (1966) has provided 
convincing petrological and chemical evidence for the 
hybrid origin of the Moonbi granites, and combined 
the hypotheses of Nockolds (1934) and Holmes (1932) by 
suggesting that the acid parental melt is depived 
by partial melting of the basic material in the lower 
crust, and that contamination of this melt at its 
source by the residual refractory basic material results 
in a series of cognate granitic and intermediate rocks 
that are subsequently intruded into higher levels of the 
crust.
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Recent experimental work by Piwinskii (1968) and 
Piwinskii and Wyllie (1968) gives considerable support 
to a hybridisation hypothesis. They have shown that 
intermediate to acid plutonic rocks from Mesozoic 
batholiths of the Western United States melt in two 
stages over an interval of about 250°C. The assemblage 
potassium feldspar, albite and quartz melts rapidly at 
low temperatures to give a granitic melt, whereas calcic 
plagioclase, hornblende, biotite and magnetite constitute 
a refractory group, some of which persist in the melt 
to temperatures over 900°C at 2 kb. water vapour 
pressure. Piwinskii and Wyllie suggest that these crystals 
are either a refractory residuum carried by the magma after 
partial melting, or else they are remnants of basic 
material contaminating the acid melt.
6 Partial melting of quartz eclogite
On the basis of high pressure experimental work,
Green and Ringwood (1968) have recently proposed a 
two-stage process by which calc-alkaline rocks, 
particularly andesite, can be derived from the mantle.
They suggest that in the first stage fractional melting 
of pyrolite mantle followed by further fractionation 
at shallower depths leads to the eruption of large 
piles of oversaturated basalt magma along continental 
margins, island arcs, etc. If the geotherms in the 
area decrease, the basalt may be transformed into 
quartz-eclogite and, through gravitational instability, 
sink into the mantle.
In the second stage of the process, the sinking 
quartz-eclogite will begin to melt at a depth of 
100 - 150 km. giving rise to calc-alkaline magmas.
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These authors have shown that at pressures of 30 kb. 
under dry conditions, andesite has a liquidus 
temperature below those of basalt and dacite, whereas 
under wet conditions, in which water vapour pressure is 
much below that of total pressure, dacite has a lower 
liquidus temperature. Consequently, they suggest that 
partial melting of quartz eclogite at these pressures 
will produce magmas ranging from andesite to dacite in 
composition, depending on the water content.
They suggest that this model is a highly efficient 
mechanism for deriving silicic magmas from basic 
material, and that it also accounts for the absence of 
iron enrichment characteristic of calc-alkaline rocks, 
and for the greater abundance of andesite in orogenic 
zones in comparison with basalt and more acid material.
7 Partial melting of basalt under hydrous conditions
Hamilton (1964) has suggested, on the basis of 
the experimental work of Yoder and Tilley (1962), 
that selective partial melting of basalt under hydrous 
conditions in the upper mantle or lower crust will 
give rise to magmas of the calc-alkaline series. This 
occurs because, at water vapour pressures equivalent 
to a depth of 30 - 40 km. plagioclase is the solidus 
mineral, and consequently partial melts must be 
enriched in plagioclase relative to pyroxene or olivine.
An alternative hypothesis, proposed by Green and 
Ringwood (1968) as a complement to their quartz 
eclogite model, is that introduction of water to a 
basaltic pile, produced by the first stage of their 
two-stage process, results in the formation of amphibolite
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in the lower part of the pile. Subsequent partial 
melting of the amphibolite, due to renewed or 
continuing volcanic activity near the base of the crust 
at pressures of about 10 kb. may lead to the 
production of calc-alkaline magmas. The residual phases 
will be hornblende, clinopyroxene, and subordinate 
orthopyroxene and calcic plagioclase. Green and 
Ringwood emphasise that the magmas will not be saturated 
with water, since water vapour pressure is likely to be 
below total pressure.
As a corollary to this model, Green and Ringwood 
(1968) suggest that fractional crystallisation of a 
hydrous basaltic magma at a depth of 30 - 40 km. may also 
lead to the production of calc-alkaline magmas, through 
the crystallisation of subsilicic hornblende and 
pyroxene. A similar hypothesis has been suggested by 
Best and Mercy (1967) for the Guadalupe complex. They 
suggest that high partial pressure of water has promoted 
the early crystallisation of hornblende and biotite, 
resulting in iron depletion and silica enrichment 
typical of the calc-alkaline trend.
The adoption of this last hypothesis by Ringwood 
and Green (1968) brings closer together several 
apparently divergent approaches, all of which share the 
common feature of placing emphasis on the role of water 
in the origin of calc-alkaline rocks.
PBTROGBNESIS OF THE BASIC ROCKS
It has been demonstrated that the basic and granitic 
rocks in the Hartley area do not belong to a single
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coherent chemical series, and are not directly related 
to each other. It is therefore convenient to consider 
the petrogenesis of each sub-series separately.
The following lines of evidence must be considered 
in attempting to evaluate the applicability of the various 
hypotheses reviewed in the preceding section to the origin 
of the basic rocks in the Hartley area.
1 Comparison with calc-alkaline volcanic rocks
In the discussion on the coherence of the calc-alkaline 
series, it has been pointed out that there are many 
examples, mainly volcanic but with a few intrusive 
equivalents, that are of limited compositional range 
at the basic end of the series. Typically, these rocks 
range between 43-30 per cent and 63-67 per cent silica. 
Examples have been described from the vicinity of 
Paracutin (Williams, 1930)» the Aleutian Islands (Coats, 
1952, 1959J Fraser and Snyder, I96I; Drewes et al., 1961; 
Byers, 196l), the Mt. Misery Volcano (Baker, 1967)» the 
basalts, andesites and dacites from the Taupo region 
(Steiner, 1938), and from Bougainville Island (Taylor 
et al., in press). Chemically, there are close 
similarities between these rocks and the basic rocks from 
the Hartley region, both in general trends and* absolute 
abundances. Particularly noteworthy is the similarity 
between the Hartley tonalite and quartz-rich diorites and 
the dacites, the most acid rock's in these volcanic series. 
All are characterised by high aluminium and calcium 
contents, and by low K^O/Na^O ratios, always less than 
unity and usually between 0.3 and 0.6, as well as by
268
the relatively constant silica contents of between 
63 and 67 per cent. A further similarity between the 
Hartley rocks and volcanic equivalents of the calc- 
alkaline series is the correspondence of most trace 
element trends (Nockolds and Allen, 1953; Baker, 1967)* 
Outstanding in this respect are the steady increases 
with increasing silica of such elements as barium, 
zirconium, uranium, thorium, rubidium and the 
rare-earth elements. Many of thse elements do not 
exhibit this progressive enrichment with increasing 
silica in granitic rocks and in extensive rhyolitic 
deposits of similar composition (Chappell, 1966;
Kolbe and Taylor, 1966; Lipman et al. , I.966 ; Ewart 
et al., 1968).
As a consequence of these similarities, and the 
proven differences between these rocks and the 
associated granites, and also granites in general, it 
is suggested that the origin of the gabbro - diorite - 
tonalite sub-series from the Hartley area is closely 
related to that of the basalt - andesite - dacite 
volcanic association and the small plutonic stocks 
that are occasionally found in association with them.
If this comparison is valid, the close similarity 
between the Hartley basic rocks and the small basic 
stocks from the Aleutian Islands and Bougainville Island 
permits further assumptions to be made. Both these 
island arc regions are developed across oceanic crust 
(Shor, 1964; Taylor et al., in press) and it is therefore 
unlikely that sialic crustal material has played an 
important part in the origin of the calc-alkaline rocks 
of these regions. By analogy, it seems likely that such
269
processes as partial melting of crustal material or
contamination of basaltic magma by sialic material
were not involved in the formation of the Hartley basic
rocks. This suggestion receives some support from
strontium isotope data. Although not as yet available
for the Hartley rocks, strontium isotope data on
comparable gabbroic and dioritic rocks from the Garabal
Hills - Glen Fyne intrusion ( Summerhayes, 1966 ) and from
the Yeovil batholith (Gulson,1968) show that these
87 86rocks have low initial Sr /Sr ratios of about 0.704 - 
0 .705? not dissimilar from those of modern oceanic 
basalts, which commonly range between 0.703 and 0.705 
(Gast, I960; Faure and Hurley, 1963) and andesites 
which range betwen 0.704 and O .706 (Pushkar, 1968;
Ewart and Stipp, 1968; Gulson, 1968; Tilley et al .,
1968). These low values, which are slightly less than 
those obtained by Hurley et al. (1965) for granitic 
rocks from the Sierra Nevada batholith (O.706 - O.7Ö8), 
appear to preclude the possibility that large amounts 
of sialic crustal material have been involved in the 
formation of these diorites and andesites by progressive 
partial melting, contamination of basaltic magma, or 
hybridisation, unless this material has a low Rb/Sr ratio 
similar to that of basalts and andesites, or has had a 
short crustal history, as would be the case for volcanic 
detritus derived from these volcanic arcs.
2 Field relationships
Several important deductions concerning the origin 
of these rocks can be made on the basis of field 
relationships. The presence of veins of very fine 
grained diorite intruding the country rock at the margin 
of the Cox’s River intrusion implies that the diorite
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was intruded in a liquid state. The absence of 
phenocrysts in these veins indicates that not only was 
the diorite liquid, but it did not contain suspended 
crystals as is necessary if these rocks are the 
product of hybridisation. Further evidence 
against a hybrid origin for these diorites is the 
complete absence of basic xenoliths, which are so 
characteristic of the granitic diorites. This 
observation applies not only to the more basic diorite 
but also to the quartz-rich diorite on the eastern 
margin of the Cox’s River intrusion, and to the diorite 
and tonalite of the Moyne Farm intrusion.
The banding in the gabbro of the Cox’s River 
intrusion is evidence that this rock was also emplaced 
in a magmatic state, although it is possible that the 
magma may have contained abundant suspended crystals. 
There have been several mechanisms proposed for the 
origin of layered gabbroic rocks, all of which, with 
the exception of the Willow Lake-type layering 
(Taubeneck and Poldervaart, i960), have been attributed 
to gravity settling. Wager (1968) suggests that 
rhythmic layering may either be controlled by successive 
introduction of magma followed by sequential 
crystallisation, or by different nucleation rates 
for the various minerals. In the latter case, minerals 
such as chromite, pyroxene and plagioclase nucleate, 
and are precipitated in that order, followed by a delay 
until the magma is again saturated. Speed (1963) 
provides an alternative explanation, for a two-layer 
picrite - anorthositic gabbro intrusion from the West 
Humboldt Range. He suggests that the two thick layers,
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one a hornblende picrite similar to the Cox’s River 
Hornblendite, and the other an anorthositic hornblende 
gabbro which is chemically similar to the Cox’s River 
Gabbro, were the result of separation of plagioclase 
from pyroxene and olivine, after emplacement of a 
highly crystalline basalt magma. It is difficult to 
know which of these theories applies to the Cox’s 
River Gabbro, primarily because of the fineness of the 
layering and the steep inclination of the layering 
in some outcrops. The latter may, however, be 
attributed to dislocation after emplacement. The 
suggestion of Speed (.1963) > that the magma was highly 
crystalline, may be applicable since evidence has 
been presented, and will be discussed further, suggesting 
that the gabbro has been strongly fractionated prior 
to emplacement.
Because the diorite and possibly the gabbro were 
emplaced as liquids, an estimate of the temperature 
during intrusion can be made. Experimental work by 
Piwinskii (1968) on the melting of granitic rocks 
under water vapour pressures of 2 to 3 kb. and by Green 
and Ringwood (1968) on the melting of calc-alkaline 
rocks at 10 kb. total pressure, but with much lower 
water vapour pressures, indicate that dioritic rocks 
similar to the Cox’s River Diorite (5^ SiO^) are 
completely liquid at temperatures of the order of 
1000°C. The pressure, both total and water vapour, 
at which the Hartley Diorite crystallised is likely 
to have been either less than or within the range of 
these experimental studies. It is therefore unlikely 
that this magma was emplaced at temperatures much
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below 1000°C. Current opinion holds that temperatures 
such as this are not likely to be realised in the 
crust (Kuno, 1968b), and it is unlikely that either
the diorite or the gabbro have originated by partial 
or complete melting of crustal rocks within a crustal 
environment.
The relative areas occupied by the different rock 
types within the Cox’s River intrusion (that is, gabbro > 
diorite > tonalite) could be considered to be evidence 
supporting local fractional crystallisation of these 
rocks, particularly as the layering in the gabbro 
indicates that fractional crystallisation has been 
operative. However, chemical data have been presented 
which suggest that the large volume of precipitate 
required to be removed from the gabbro precludes 
such a process, at least on a local scale. All that 
can be said is that local crystal fractionation has 
given rise to the melanocratic and leucocratic layering 
of the gabbro, and also to the hornblendite associated 
with the layered gabbro.
3 Petrographic data
Chappell (1966) has drawn attention to the relative 
abundance of apatite in association with biotite and 
hornblende, when compared with potassium feldspar and 
quartz, and has suggested that this distribution, in 
association with strongly linear phosphorus trends 
decreasing with increasing acidity, provides evidence of 
hybridisation. He states that this is in accord with 
mixing the biotite and hornblende which have grown in 
phosphorus-rich basic xenoliths with the quartz and
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potassium feldspar which have grown from the phosphorus- 
poor acid magma. In the diorites and tonalites apatite 
does not exhibit this type of distribution but is evenly 
distributed between all phases, nor is the phosphorus 
variation linear, but apparently erratic. This erratic 
behaviour of phosphorus can be attributed to two 
overlapping trends: extreme variation in the gabbro due
to local crystal fractionation, the end product of which 
is a plagioclase-rich gabbro containing abundant apatite, 
and an increase in phosphorus (and hence apatite) from the 
less fractionated gabbro to the diorites. This second 
trend could also be regarded as indicative of fractional 
crystallisation since in most known examples of this 
process, there is a progressive increase in phosphorus 
with increasing fractionation.
Further evidence for the crystallisation of these 
rocks from the magmatic state, without the involvement of 
refractory residual material, or the contamination of 
acid magma with solid basic material, is the completely 
regular variation in the plagioclase composition (Fig. 
3:7)» Although the crystals show both normal and 
oscillatory zoning, there is a progressive decrease in 
the anorthite content of both the crystal cores and the 
outer zones in passing from the most basic gabbro to the 
tonalite, and corroded cores of irregular composition are 
rare.
The limited compositional information available on 
the hornblende from the diorite and the clinopyroxenes 
from gabbro is compatible with these minerals having 
crystallised at shallow depths within the crust. The
274
aluminium content, which is frequently cited as an 
indicator of the depth of crystallisation, is low in 
both minerals, even in comparison with similar minerals 
from high level intrusions such as the Ben Nevis 
intrusive complex (Haslam, 1968) and the Skaergaard 
intrusion (Brown, 1957)» and is considerably less 
than the 8.5 - 10.5 per cent Alp0^ in clinopyroxenes and 
14.2 - 15.6 per cent Al^ O,. in amphiboles crystallised 
by Green and Ringwood (.1.968) from a high-alumina quartz 
tholeiite under wet conditions at a total pressumre of 
9 - 10 kb.
In contrast, the high Al^O^ content of about 15 per 
cent of the brown hornblende in the gabbro and 
hornblendite could be taken to indicate crystallisation 
in the lower crust or upper mantle and would support 
the suggestion that the removal of amphibole has 
played an important role in the genesis of these rocks, 
either by fractional crystallisation of a hydrous 
basaltic magma (Best and Mercy, 1967» Green and Ringwood, 
1968) or by the partial melting of amphibolite (Green 
and Ringwood, 1968) possibly at depths of about 30 to 
40 km. in both cases. However, unlike the Guadalupe 
complex, where according to Best and Mercy (1967) the 
water vapour pressure was high, and removal of hornblende 
gave rise to the calc-alkaline trend, the hornblende 
content of the Cox’s River Gabbro is low and true 
hornblende gabbros are not abundant; also there are 
indications that it may be of secondary origin, replacing 
pyroxene. Taubeneck (1957) also considers the hornblende 
in the Willow Lake Norite to be of secondary origin,
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and suggests that evidence such as fractured 
pyroxene, crystals surrounded by undeformed hornblende 
is indicative of the post-consolidational origin of the 
amphibole. If this is the case, then the high aluminium 
content of these hornblendes might be attributable to 
the low silica content of the gabbro. Brown (1967) has 
suggested that low silica content of the magma favours 
the substitution of calcium Tschermak's molecule 
(CaAl^SiO^) in clinopyroxenes, thus resulting in a 
higher aluminium content. It is possible that such 
an explanation may also hold for hornblendes, with the 
consequence that the effects of pressure are masked 
by the compositional effects of the host rock.
4 Chemical variation
As has been previously discussed, the chemical 
data is qualitatively in accord with a fractional 
crystallisation origin for these rocks, although it 
is probable that other processes may also give rise 
to similar chemical variation. Unfortunately, few of 
these alternatives have been conclusively demonstrated 
as has fractional crystallisation, and similar comparisons 
cannot be made. The processes of hybridisation and 
progessive partial melting of crustal material are 
possible exceptions, since there is some indication 
that the behaviour of certain elements such as phosphorus, 
zirconium and barium during these processes, differs from 
their behaviour during fractional crystallisation 
(Chao and Fleischer, I960; Chappell, 1966; Hall, 1967b).
If this is the case then the Hartley basic rocks are 
not the products of either of these processes.
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From the chemical data it is also evident that 
these basic rocks belong to a coherent chemical series.
Many elements increase or decrease progressively From the 
gabbro to the tonalite, and the series as a whole is 
characterised by high aluminium and strontium contents, 
low Ferrous/Ferric ratios, and nickel and chromium 
contents which are low even For calc-alkaline rocks.
For any hypothesis to be satisFactory, thereFore, it 
must be able to account For the entire gabbro - andesite - 
tonalite series. Similar relationships are generally 
assumed For calc-alkaline volcanic rocks, as has recently 
been emphasised by Smith and Carmichael (1968), who state 
that ’any theory regarding this type oF high-alumina 
basalt must account For the association oF these lavas 
with other members (andesite, rhyolite, etc.) oF the 
orogenic volcanic suite’.
Taylor et al. (1969) have argued, on the basis oF 
the low nickel, chromium and cobalt contents of average 
andesite and high-alumina basalt, and the small diFFerences 
between these averages, that andesites cannot be derived 
From high-alumina basalt by either Fractional crystallisation 
or mixing with acid magma. In the case oF the Hartley basic 
rocks it has been shown that these arguments cannot be 
accepted, and that the data For these elements are 
compatible with either hypothesis. Similarly, there is no 
reason to reject either oF the hypotheses on the basis oF 
the vanadium data, since either contamination oF high- 
alumina basalt with acid material, or Fractionation 
involving large volumes oF residual material containing 
relatively low amounts oF magnetite, are adequate to 
explain the data.
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These authors (Taylor, 1969? Taylor et al. , 1969)
also point out that low nickel, chromium and cobalt 
contents preclude the possibility of deriving either 
andesite or high-alumina basalt directly from mantle 
material of pyrolite composition. To account for these 
low values, they suggest that a two-stage process is 
involved. Both of the models of Green and Ringwood 
(1968), involving the derivation of andesites from the 
mantle by the partial melting of quartz eclogite or 
amphibolite, satisfy this requirement, since both 
source materials will be depleted in. nickel and chromium 
relative to the pyrolite from which they were derived, 
and the andesite produced from them will in turn be 
further depleted.
However, Taylor etal. (1969) state that one of 
these models, the dry melting of quartz eclogite at 25-40 kb., 
is unsatisfactory because the Ni/Co and V/Ni ratios of 
the melt so produced will not be appropriate to those of 
andesites. They argue that partial melting in which 
the residual phases do not equilibrate with the melt would 
lead to a magma with a high Ni/Co ratio since pyroxene and 
not garnet would be the first mineral to melt. Conversely, 
if the residual phases equilibrate with the melt, the 
distribution of nickel, chromium and vanadium between melt 
and residual garnet and pyroxene would strongly favour the 
residual phases, resulting in a magma which would be 
depleted not only in nickel and chromium, but also in 
vanadium. This second process would account for the low 
nickel content of andesites but not for the high vanadium 
content.
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A further difficulty associated with both models 
of Green and Ringwood is that although they may explain 
the low nickel, chromium and cobalt contents of andesites, 
they cannot account for similarly low values in 
associated basalts, since these authors regard the 
association of basalt with andesite as largely 
accidental, and not necessarily cogenetic. Taylor et al. 
(1969) have commented on the low nickel, chromium and 
cobalt contents of high-alumina basalts associated with 
andesites, and suggest that similar arguments apply to 
the genesis of these basalts as apply to the genesis 
of the andesites.
It is suggested that the Hartley Gabbro is genetically 
related to the associated diorites, and that any hypothesis 
accounting for the chemistry of the diorites, such as 
very low nickel and chromium values, must also account 
for the chemistry of the gabbro. Consequently, the 
two hypotheses of Green and Ringwood (1968) for deriving 
a primary andesitic magma by partial melting of quartz 
eclogite wintin the mantle, or of amphibolite in the 
lower crust or upper mantle, do not appear to be entirely 
satisfactory to explain the variation in the Hartley basic 
rocks, since in both these hypotheses the presence of 
basalt or gabbro in association with the intermediate 
rocks is regarded as accidental. This is implied by 
their suggestion that if they had used a basalt with an 
Al 0 content of about 14 per cent instead of a high- 
alumina basalt as their starting material, they would 
have obtained an aluminium variation more comparable with 
the calc-alkaline trend. This point is further emphasised 
by their statement,
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Thus in both these models the occurrence of 
basalts with the calc-alkaline series may be 
explained as a function of the thermal 
mechanism giving rise to the series, rather 
than as a direct chemical link between the 
basalts and the more salic rocks of the calc- 
alkaline suit e.
Thus this experimental work appears to be at 
variance with the Hartley data, in that it does not 
allow for a genetic relationship between the gabbro 
and diorite, and, if the gabbro were to be derived 
directly from the pyrolite mantle as Green and 
Ringwood's hypotheses suggest, there is no necessity 
that they should belong to a coherent chemical 
series, and one would expect the nickel and chromium 
contents of the gabbro to be much higher than they 
are .
To overcome these difficulties it seems necessary 
to assume that the diorite and gabbro are cogenetic. 
Green et al. (1967) have proposed a model for the origin 
of high-alumina basalts involving fractional 
crystallisation of olivine tholeiite or partial melting 
of pyrolite at pressures of about 9 kb. in the upper 
mantle. Other authors have suggested that fractional 
crystallisation of basalt under hydrous conditions will 
delay the crystallisation of plagioclase, giving rise 
to high-alumina basalt magmas (Yoder and Tilley, 1962| 
Hamilton, 1964; Osborn, 1969)- Presumably, therefore, 
the partial melting of an olivine tholeiite under these 
conditions, that is at a total pressure of 9 kb. or 
under hydrous conditions, will also give rise to a 
high-alumina basalt, the important feature being the 
concentration of the plagioclase components in both
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cases. Similarly, Green and Ringwood (1968) have proposed 
that either partial melting of an amphibolite or fractional 
crystallisation of a hydrous basalt magma at pressures of 
about 10 kb. may give rise to andesitic magmas. Thus the 
same processes, either fractional crystallisation or 
progressive partial melting, occurring under hydrous 
conditions at a total pressure of about 9 - 10 kt).
(probably with water vapour pressure considerably less 
than total pressure) may give rise to either high-alumina 
basalt or andesite, depending on the extent of these two 
processes. Basalt or andesites produced by either process 
will be depleted in such elements as nickel, chromium ^nd 
cobalt because they have been derived by a two»stage 
process involving tholeiitic basalt, yet at the same time 
they will exhibit strong geochemical affinities, as is 
the case with the Hartley gabbro and diorites. Furthermore, 
the very high aluminium and calcium contents, together 
with the low magnesium content of the Cox’s River Gabbro 
indicate that some fractionation process similar to that 
outlined above, involving the plagioclase components, has 
been operative.
Whatever the origin of these rocks, it is clear that 
the trace elements rubidium, barium, thorium, zirconium 
and uranium place severe restraints on any hypothesis 
involving the separation of basic residual material from 
the parent material to produce a more acid melt, either 
by fractional crystallisation or by progressive partial 
melting. These elements indicate that the residual 
material must have a silica content no less than 45•5 
per cent. As a consequence of this, the overall 
composition is not dissimilar to that of a high-alumina
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basalt, containing not only pyroxene or hornblende and 
magnetite, but also considerable amounts of calcic 
plagioclase. A further consequence is that large amounts 
of this residual have to be removed, or left behind, 
to produce a diorite from a basaltic magma. In the 
case of the Hartley rocks,it has been estimated that 
if the gabbro represents a parental magma, then about 
90 per cent of residual pyroxene, plagioclase and 
magnetite has to be removed to give rise to the diorite 
magma.
It is possible of course that the gabbro is not 
the parental material but is also a derivative from an 
olivine tholeiite, either by fractional crystallisation 
or partial melting, as has been suggested above. In this 
case the quantity of material to be removed cannot be 
estimated, although the composition of the residual 
material must remain essentially the same.
5 Oxidation state
It has been noted previously that the ferrous/ferric 
iron ratios of the Hartley rocks, including both the 
basic and granitic rocks, are extremely low compared with 
most other calc-alkaline rocks. The presence of abundant 
magnetite, ranging from 6 to 8 per cent in the Cox's River 
Gabbro is further evidence of the highly oxidised state 
of these rocks. Therefore, if these rocks have originated 
through processes of fractional crystallisation or partial 
melting, it seems reasonable to suggest that magnetite, 
crystallising under high partial pressure of oxygen, will 
have played some part in this process. In other words,
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the Hartley basic rocks may have crystallised under 
a high and relatively constant partial pressure of oxygen 
as has been suggested by Osborn (l959» 1962, 1969) lor
calc-alkaline rocks in general.
Available estimates of the partial pressure of 
oxygen in the calc-alkaline rocks are conflicting.
Kennedy (1948, 1955) has attempted to relate the ferrous/
ferric iron ratio of the rock, partial pressure of oxygen, 
and degree of iron enrichment, and has suggested that 
low oxygen pressures favour an iron enrichment trend 
exemplified by the Skaergaard intrusion, whereas 
high oxygen pressures favour the calc-alkaline trend.
Kuno (1965) also suggested that there is a crude 
relationship between the ferrous/ferric ratio and the 
degree of iron enrichment in many rock suites. Broadly, 
this suggestion appears to be valids intrusive 
tholeiites exhibiting pronounced iron enrichment trends 
are characterised by high ferrous/ferric iron ratios of 
about 6 to 9 in the parent magma, whereas most basalts 
or gabbros associated with other calc.-alkaline rocks 
have lower ratios ranging from about 3 to 4. A few examples 
have extremely low ferrous/ferric ratios similar to the 
Hartley rocks, ranging from 1 to 2. These include the 
volcanics from Semisopochnoi Island (Coats, 1959) and 
the Mt. Misery Volcano (Baker, 1968).
Fudali (1965) has measured oxygen fugacities at
1200°C in basalts and andesites, and found that they
-8.5 «=6 . 5have a range increasing from 10 in basalts to 10
in andesites. Contrary to this, Carmichael (I.967) and 
Best and Mercy (1967) have calculated oxygen fugacities
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in salic volcanic rocks and rocks from the Guadalupe
complex respectively using the experimentally determined
data of Buddington and Lindsley (1964). These authors
have found that the calculated oxygen fugacities are
= 14much less than those of Fudali, ranging between 10
and 10 values which are comparable with those
“14calculated for the Skaergaard intrusion of 10 to
10 ^  (Buddington and Lindsley, 1964). The data of 
Carmichael also shows a tendency for the oxygen fugacity 
to decrease in the more acid rocks, contrary to the 
data of Fudali. Both Carmichael and Best and Mercy 
conclude that the oxygen fugacity is not an important 
factor in controlling the fractional crystallisation 
of calc-alkaline rocks.
Hamilton and Anderson (1968) discuss this problem
and point out that water vapour pressure has an important
influence on oxygen fugacity. They show that under hydrous
conditions the partial pressure of oxygen will not
decrease as rapidly with crystallisation as in a dry melt,
particularly if the water vapour pressure is much less
than the total pressure. However, unless the system is
buffered by the complementary dissociation of water and
diffusion of hydrogen out of the magma, the partial
oxygen pressure must ultimately fall, even under hydrous
-7 -13conditions, from about 10 to 10 bars.
Clearly, in the case of the Hartley basic rocks 
it would be advantageous to investigate these matters 
further, both by attempting to determine the oxygen fugacity 
from the composition of the coexisting ilmenite and 
magnetite, and by analysing the ferromagnesian minerals
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/ 2+to see if their Mg/Mg + Fe ‘ ratios remain constant 
throughout the series, a condition one might expect 
if these rocks have crystallised under constant oxygen 
fugacity (Wones and Eugster, 1965? Carmichael, .1967; 
Haslam, 1968).
6 The role of water
From the preceding discussions it is apparent that 
water may play an important role in the genesis of the 
Hartley basic rocks and of calc-alkaline rocks in general. 
Thus it has been suggested that fractional crystallisation 
of a hydrous basaltic magma, or partial melting of 
hornblende-bearing basaltic material, may give rise to 
both the diorites and gabbro from the Hartley region. 
Furthermore, water may have an important influence on 
the partial pressure of oxygen and therefore upon the 
crystallisation of magnetite, and, in turn, upon the 
course of fractional crystallisation.
If it can be assumed that both the diorite and 
gabbro magmas have originated either in the lower crust 
or upper mantle, at a total pressure of about 10 kb., then 
the following general statements can be made:-
(i) Although the diorite magma contained sufficient 
water for the crystallisation of hornblende and biotite, 
it is unlikely that it was saturated with water, since
it could not have risen to a relatively high level in the 
crust without crystallising.
(ii) The gabbro magma was relatively d.ry, since the 
ferromagnesian minerals are dominantly ortho- and 
clinopyroxene with minor hornblende and biotite. The
285
slightly greater abundance of these hydrous minerals in 
the plagioclase-rich gabbros, together with the replacement 
of pyroxene with amphibole, suggests that the water 
content of the gabbro magma may have built up during the 
high-level fractionation of the gabbro. There is no 
indication that hornblende crystallisation has been 
involved in the formation of this gabbro as has been 
suggested by Best and Mercy (1967) for the hornblende 
gabbros and related rocks of the Guadalupe complex.
If fractionation has taken place, it seems most 
likely that a gabbro magma, possibly derived from olivine 
tholeiite by the mechanism suggested by Green et a.1 .
(1967)) was relatively dry, and that progressive 
crystallisation of anhydrous minerals with decreasing 
temperature gave rise to a diorite magma, enriched in 
water but not sufficiently so for the magma to be 
saturated.
If on the other hand the diorite and gabbro magmas 
are derived from a hornblende-bearing basalt by 
progressive partial melting, then the following scheme 
may not be unreasonable. Initial partial melting would 
give rise to a small quantity of magma, saturated with 
water at about 10 kb. Further increase in temperature 
above the beginning of melting would cause additional 
melting and the water vapour pressure of the magma would 
progressively decrease as more magma is produced. It is 
at this stage, probably when the water vapour is less 
than 2 kb., that the diorite magma is produced. With 
further increase in temperature, hornblende would 
disappear and all the water it contained is taken into the 
melt phase. Partial melting of the residual phases may 
then give rise to a relatively dry high-alumina basalt 
or gabbro magma.
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Conclusions
The preceding discussion permits the following 
conclusions to be reached concerning the origin of the 
Hartley basic rocks.
(i) Chemically the gabbro - diorite - tonalite series 
is similar to many basalt - andesite - dacite 
associations, and has probably originated through 
similar processes.
(ii) The Hartley basic rocks belong to a coherent 
chemical series; consequently for any hypothesis to be 
adequate it must explain the origin of all the members 
of the series.
(iii) The diorite, and possibly the gabbro, was intruded 
in a completely liquid state. The high temperatures 
necessary for this preclude a crustal origin for these 
rocks.
(iv) The gabbro has fractionated in situ, giving rise to 
leucocratic layers of plagioclase-rich gabbro and 
melanocratic layers of hornblendite. If the diorite is 
derived from the gabbro by fractional crystallisation,
it has not taken place locally, and must have occurred 
at depth.
(v) The most satisfactory hypothesis concerning the 
origin of these rocks is that they are either the product 
of fractional crystallisation in the upper mantle at 
pressures of about 9-10 kb. or the result of progressive 
partial melting of hornblende-bearing basalt under 
similar conditions. It is possible that both of these 
processes may have taken place at a high >xygen partial
pressure.
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(vi) The calculated composition of the residual material 
is similar to a rather basic high-alumina basalt with a silica 
content of about 45*5 per cent.
It is therefore likely that the parent material of both 
processes was also a high-alumina basalt, and hence large 
amounts of residual material are required to account for 
the derivation of diorite from material of this composition.
PETROGENESIS OF THE GRANITIC ROCKS 
1 General
It has been demonstrated in preceding sections that 
in the Hartley area the granitic and associated basic rocks 
do not belong to a single geochemical series, and that they 
are not directly related. It has also been suggested, on 
the basis of contrasting chemical variation, and to a 
lesser extent on field and petrographic data, that the two 
series have not originated through the same processes.
Other examples have also been cited, suggesting that 
within the calc-alkaline ’series' as a whole, two distinct 
acid and basic series, both of restricted compositional 
range and probably of differing origins, can be recognised 
in some instances. These observations and suggestions, 
if correct, may be used to place strict limitations on the 
origin of the Hartley granites, and of granitic rocks and 
their volcanic equivalents in general.
One of the major objections to deriving granitic 
rocks by fractional crystallisation of basaltic magma 
according to either the model of Bowen (1928) or that 
of Osborn (1959» 1962, 1969)» or from a parental diorite
magma (Nockolds, 1940; Nockolds and Mitchell, 1948;
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Nockolds and Allen, 1953) is that of volume relationships, 
that is, the lack of abundant basic intrustions associated 
with the granitic rocks (Holmes, 1932, Mercy, 1963)* If, 
as in the case of the Hartley granites, it can be shown 
that even the small volume of associated basic rocks 
(about Vfo) is not related to the granitic rocks, then 
the problem becomes even more acute.
It must surely be stretching the limits of coincidence 
to suggest that there may be genetically related basic 
rocks at depth, when it is recognised that the basic 
rocks that are present, so characteristic of this type 
of association, are unrelated to the granitic rocks. Thus 
there is no reason to suggest that these granites are 
derived from basic magma, either basaltic or dioritic, by 
processes of fractional crystallisation or contamination 
with sialic material.
Examination of analyses of other rock suites from 
the acid end of the calc-alkaline 'series* that are not 
associated with basic rocks or, like the Hartley granites, 
are unrelated to them, shows that most share very similar 
silica contents at the acid end, usually between 75 and 
77 per cent. In contrast, these acid series vary 
considerably at the basic ends, but do not usually extend 
below 55 per cent silica. These characteristic features 
are illustrated below, where it can be seen that all but 
two of the thirteen acid suites listed decrease from a 
constant 75-77 per cent silica to lower values.
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Silica range
Hartley granites 76.2 - 33.1
Ben Nevis 
complex 71.7 - 36.7
Creed Caldera 77.4 - 39.3
Moonbi granites 730 - 60.3
Ardara pluton 71.7 - 62.4
Snowy Mountains 
granite 76.7 - 63.2
Murrumbidgee
batholith 73.7 - 63.3
Dartmoor granite 76.3 - 66.1
Taupo volcanics 77.0 - 67.4
Cape granite 77.1 - 67.7
Mourne Mountain 
granite 77.3 - 68.1
Rosses granite 
complex 75.7 - 69.2
Acid volcanics, 
Georgetown inlier 7 6.3 - 70.1
Ref erence 
(This thesis)
(Haslam, 1968)
(Ratte and Steven,
1967)
(Chappell, 1966)
(Hall, 1966a)
(Kolbe and Taylor, 
1966)
(Snelling, i960)
(Brammal and Harwood, 
1932)
(Ewart et al. , 1968)
(Kolbe and Taylor,
1966 )
(Brown, 1936)
(Hall, 1967b)
(Branch, 1967)
This constancy at the high silica end provides strong 
evidence that these rock suites have originated from a 
primary acid parental magma. Further support is 
provided by the observation that in most granitic 
batholiths, particularly in eastern Australia, adamellite 
is the dominant rock type. This assertion, based largely 
on routine examination of many Australian granites, can 
also be ascertained from histograms of potassium 
distribution in granitic rocks (Ahrens, 1963» Heier and 
Rogers, 1963» Heier and Rhodes, 1966). All are 
negatively skewed, indicating the greater abundance of
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potassium-rich granites. Furthermore, the arithmetic 
means of 3*79 and 3 »33 per cent potassium given by 
Heier and Rogers for 735 granitic rocks and by Heier 
and Rhodes for jk New South Wales granites respectively, 
are closer to Nockolds’ average adamellite (3*86 per 
cent potassium) than to his average granodiorite 
(2.3 per cent) (Nockolds, 195^)« Because of the 
negative skew of these distributions, therefore, most 
of these granites will correspond more closely in 
potassium content to the average adamellite than to 
the average granodiorite.
More specifically, the Hartley granites examined 
consist of 66.9 per cent adamellite,22.6 per cent 
granodiorite, and 10.3 per cent diorite and orthoclase- 
diorite. Similarly, adamellites are the dominant granite 
types in the southern part of the New England batholith 
(Chappell, 1966) and the Berridale batholith (A.J.R.
White pers. comm.), and also in the vulcano-plutonic 
province of the Georgetown inlier, adamellites and 
volcanic equivalents constitute over 80 per cent of the 
exposed rocks (Branch, 1967)*
Thus it would appear that for any hypothesis to 
account for the Hartley granites, and possibly many 
other examples of plutonic and volcanic rocks of 
restricted composition from the acid end of the calc- 
alkaline series, a primary acid magma must be postulated. 
This in turn implies that these rocks have originated 
either by progessive partial melting or hybridisation, 
or some combination of these processes. Fractional 
crystallisation and contamination of a basic magma by
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sialic material do not appear to be compatible with 
these observations. Nor do the hypotheses of Green 
and Ringwood (1968), involving the partial melting 
of quartz-eclogite under dry or wet conditions satisfy 
these requirements, since in these two cases the 
primary magma is either andesitic or dacitic depending 
on the water content. Acidic rocks, containing more 
than 70 per cent silica, are not readily produced 
by either of these two processes.
2 Basic Inclusions
The general correlation that can be made between 
the abundance of basic xenoliths and the composition of 
the host rock, together with the observations that 
there is complete petrographic gradation between granite 
and inclusions, and that the granites contain clusters of 
ferromagnesian minerals or microxenoliths have been 
cited as evidence that the compositional variation 
in the granitic rocks is the product of contamination 
of an acid magma by solid basic material. Additional 
evidence is provided by the observation that the 
development of hornblende in certain adamellites is 
related to the abundance of basic xenoliths. Bateman 
et a l . (1963) have made similar observations, but prefer
to state that
In a general way the number and size of mafic 
inclusions in the Sierran granitic rocks vary 
with the mafic mineral content, and especially 
with the hornblende content, of the enclosing 
granitic rock. Rocks with less than 5 percent 
dark minerals generally contain little 
hornblende and few inclusions.
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Chappell (1966) has extensively reviewed the 
occurrence of basic xenoliths in granitic rocks and has 
shown that:-
(i) They are a widespread feature of granite 
intrusions.
(ii) Basic inclusions are usually many times 
more abundant than other inclusions.
This also applies to those granites 
that do not intrude basic country rock.
(iii) They are usually regularly distributed 
throughout a particular granite.
In addition to these, the observations of Bateman _et 
al. (1963) and Chappell (1966) together with information
from the Hartley granites suggests that a relationship 
between host composition and xenolith abundance may 
also be characteristic.
All these features must be considered in deciding 
on a source of origin for these basic inclusions and 
their relationship to the granitic rocks.
(a) The almost ubiquitous presence of basic inclusions 
in intrusive granite rocks suggests that these inclusions 
must in some way be connected with the origin of the 
granite or with its emplacement. It is sometimes 
suggested that these inclusions are clots of early formed 
minerals. How such clots could consolidate sufficiently 
to be forcibly disintegrated by granite veining at a 
later stage, or how early crystallised minerals could 
collect into clots of roughly similar size is not at all 
clear.
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(b) It is frequently assumed that the basic inclusions 
are of local, 'accidental* origin, derived from the 
country rock surrounding the intrusion. This suggestion 
produces difficulties in accounting for the regular 
distribution of basic xenoliths in an intrusion, for 
the absence or rarity of inclusions of other rock 
types, except at the very margins of the intrusion, 
and for the abundance of basic inclusions even where 
basic country rocks are not exposed. If these are 
accidental inclusions one would expect to find inclusions 
of other rock types, especially in the Hartley granites, 
where the country rock is highly variable, consisting of 
calc-silicate rocks, chiastolite slates and acid 
volcanics, as well as basic intrusions of minor areal 
ext ent.
Various attempts have been made to explain these 
anomalies. Thus, Reynolds (19^6) has suggested that the 
basic inclusions are * desilicated* country rock, in an 
attempt to account for the presence of basic inclusions 
in granites intruded into country rock where no analogous 
basic rocks occur. If this theory is correct one might 
expect that *basification* would proceed more readily 
in the more basic rocks and that therefore *unbasified* 
or only partially *basified* inclusions could be 
recognised in the more acidic granites. These have not 
been recognised in the Hartley granites, nor to the 
author's knowledge have such inclusions been described.
Alternatively, Larsen (19^8) suggests that basic 
inclusions remain in equilibrium with the granite magma, 
whereas non-basic inclusions are refused and dissolved.
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This suggestion gains some support from the observation 
that country rock inclusions are confined in the Hartley 
granites to within a few feet of the contact. However, 
if rocks of such diverse composition were to be 
incorporated into the magma one would expect to find 
chemical evidence of this, together with heterogeneity 
in individual intrusions.
(c) The regular distributions of basic inclusions 
throughout individual granites are not at all closely 
related to basic masses associated with the granites.
In some cases, such as at the contact of the Redfern 
Adamellite with the Gibraltar Creek Diorite, there are 
abundant inclusions which are clearly of local origin. 
However, within several yards of this contact, basic 
inclusions are no more abundant than throughout the 
rest of the intrusion. In other words, where local 
inclusions are present, as with inclusions of other 
country rock, they are only of local extent.
Further evidence that the basic inclusions are 
not of local origin is provided by the cresentic body 
of Lowther Creek Granodiorite which, although 
intrusive into and surrounded by the more acid Redfern 
Adamellite, contains abundant basic inclusions similar 
to other masses of this rock type.
(d) The connection between the host rock composition 
and the abundance of basic inclusions can be taken
as strong evidence of a genetic connection. However, 
Batemen et al. (1963) have attempted to explain this 
relationship by suggesting that the earlier, more 
basic granitic intrusions have had a greater opportunity 
to react with basic wall rock than have later, more acid
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granites. They also suggest that these earlier 
granites will screen the later granites from the wall 
rocks. This cannot be the explanation for this 
relationship in the Hartley granites or in the Moonbi 
granites (Chappell, 1966) since in the former there 
is no progressive sequence of intrusion from basic 
to acid granite, and in the latter the sequence of 
intrusion is from acid to basic. In conclusion, it 
appears to be necessary to suggest that the basic 
inclusions are not of local origin but have been 
incorporated in the granite magma at depth. The 
correlation between the composition of the host granite 
and the abundance of inclusions can be taken as 
evidence that this occurred close to the source of 
origin of the granite magmas.
3 Petrographic and Mineralogical data
It has been observed that as basic inclusions 
become increasingly more acidic, because of reaction with 
the enclosing granite, the plagioclase crystals increase 
in size and change from relatively homogeneous composition 
to strongly zoned crystals, both normal and oscillatory, 
frequently containing corroded cores of uniform composition. 
Similar crystals are found in the host granite, and it 
has been suggested by Chappell (1966) that these 
plagioclases are derived from the breakdown of the 
xenoliths. Further evidence supporting this suggestion 
appears in the compositional range of the granitic 
plagioclases (Fig. 3^7)* There is only a vague comparison 
between the composition of the granites and the 
compositional range of the plagioclase, in contrast to
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the regular variation exhibited by the plagioclases 
from the associated basic rocks.
Minerals present in the granites are also present 
in the xenoliths and there is complete petrographic 
variation between the two. In addition, the composition 
of hornblende and biotite in xenoliths is comparable 
to the composition of these minerals in the granites. 
Consequently, the suggestion that the basic components 
of the granite may be derived by contamination with 
xenolithic material introduces no difficulties.
Chappell (1966) has suggested that the distribution 
of apatite in favour of the ferromagnesian minerals in 
granitic rocks can be taken as evidence of a hybrid 
origin for these rocks. The distribution of apatite 
in the Hartley granites has been discussed previously, 
and the observations of Chappell confirmed. In constrast, 
however, it has been noted that in the basic diorite and 
tonalites, apatite crystals are uniformly distributed 
throughout the rock and are not noticeably associated 
with any mineral or group of minerals. This indicates 
that apatite does not necessarily cluster with the 
ferromagnesian minerals as a result of early crystallisation. 
The fact that in the granitic rocks this association 
between ferromagnesian minerals, particularly hornblende 
and magnetite, and apatite does occur calls for special 
explanation and supports the suggestion of Chappell that 
the basic components of the granites are derived from 
a phosphorus—rich environment, whereas the quartz, 
potassium feldspar and sodic-plagioclase are derived 
from an acid magma containing little or no phosphorus.
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4 Homogeneity of the granites
Most of the granites are remarkably homogeneous, 
and evidence available suggests that the few exceptions 
to this statement have been inadequately mapped. As a 
consequence of this homogeneity, it appears evident that 
both local contamination and fractional crystallisation 
have played little part in the formation of these rocks. 
As a corollary to this, it seems unlikely that 
fractional crystallisation if occurring at depth, would 
necessarily cease during or after intrusion. 
Consequently, the homogeneity of these rocks provides 
further evidence supporting the rejection of a 
fractional crystallisation hypothesis.
In contrast, if the granites are the product of 
varying degrees of contamination of an acid melt, close 
to its source of origin, by more basic material, then 
continuing contamination as the magma/crystal/xenolithic 
mixture is emplaced, by uniformly distributed basic 
material will not affect the homogeneity of the rock.
A further necessity for any hypothesis is that 
each individual granite, although forming within the 
same region of the earth’s crust or mantle, and by 
the same process as the other granites, should develop 
independently of each other granite. In other words, 
the granite-producing process should be capable of 
producing discrete compositions rather than a 
continuously variable series.
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5 Oxidation state
The low ferrous/ferric ratios in the granitic rocks 
compared with most other similar rock series, together with 
an abundance of modal magnetite and a lack of secondary 
hematite, indicate that these rocks have formed under 
strongly oxidising conditions. Further support for this 
suggestion is provided by the composition of the 
coexisting biotite and hornblende. Both are characterised 
by almost constant iron/magnesium ratios throughout the 
series with a slight tendency for magnesium to increase 
at the acid end. This is contradictory to most similarly 
investigated rock series, and corresponds exactly with 
what one would anticipate in rocks formed under high 
constant partial pressure of oxygen (Wones and Eugster, 
1965; Carmichael, 1957; Haslam, 1968).
6 Chemical variation
The chemical variation has already been discussed 
in detail, and will only be reviewed here. It has been 
demonstrated that the behaviour of certain elements 
relative to silica are not compatible with a fractional 
crystallisation hypothesis. Most notable in this respect 
are the elements phosphorus, zirconium, barium, yttrium 
and the rare-earths. All these elements commonly increase 
with progessive fractionation, but in the granitic rocks 
they are either apparently erratically distributed 
or decrease systematically with increasing silica.
The most important feature of the chemistry of these 
rocks is the high inter-correlations between many elements, 
which are independent of normal geochemical affinities.
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This, plus the highly linear relationships with silica 
for many elements, are considered to provide strong 
evidence supporting a hybridisation hypothesis. It is 
difficult to conceive of any process, other than mixing, 
that could account for these linear relationships and 
strong inter-correlations between elements of differing 
affinitie s.
Several elements exhibit distinct multiple variation 
trends, with a tendency to merge at the acid end. This 
is more readily interpreted in terms of contamination or 
partial melting hypotheses, than by any other process, 
and suggests that the source material, in which melting 
occurred, was probably compositionally different for 
individual granites or groups of granites. This suggestion 
also helps to account for the marked homogeneity of many 
of the granites, and implies that continuous contamination 
or melting processes have not taken place.
The variation of the elements zirconium, barium, 
yttrium and several of the lighter rare-earths is apparently 
erratic in the granitic rocks. By adopting a hybridisation 
model in which an acid melt is contaminated by more basic 
material of variable composition, this apparently irregular 
behaviour can be interpreted as the consequence of several 
independent trends.
7 Composition of acid and basic parental material
Chemically the most acid of the Hartley granites 
have a composition close to the experimentally determined 
minimum melting composition of Tuttle and Bowen (1958) at 
low water vapour pressure. Even closer agreement is found
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when the calculated acid parent material is compared with 
the experimental data. This suggests that this melt has 
formed under crustal conditions, rather than in a mantle 
environment as is required by either of the two models 
proposed by Green and Ringwood (1968) involving the 
partial melting of quartz - eclogite at depths of 100 
to 130 km. The minimum melting composition at pressures 
corresponding to this environment corresponds to the 
range andesite - dacite, depending on whether melting 
occurs under dry or hydrous conditions. The experimental 
data indicate that it is unlikely that large volumes of 
highly acid magma would be produced under such conditions.
The trace element composition of the hypothetical 
acid magma is compatible with what one would expect if 
the melt were the product of partial melting rather than 
fractional crystallisation.
The composition of the basic material that must 
be added to the parental acid magma to produce the observed 
chemical variation in the Hartley granites corresponds to 
a variety of compositions ranging from gabbro to 
granodiorite, depending on the acidity of the particular 
granite. This material differs from the basic parental 
material postulated by Chappell (1966) for the basic 
source of the Moonbi granites. Chappell proposed a single 
homogeneous source material of shoshonitic affinities, 
primarily to account for the high alkali content of this 
material, together with the high abundances of strontium, 
barium and zirconium.
In the case of the Hartley rocks, it is necessary to 
postulate several basic parents to account for the 
separate regression trends found for several individual
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granites or groups of granites. This also makes the 
model more flexible, and, if it is assumed that there 
is a relationship between the acidity of the granites 
and of the parental source material, the difficulties 
of high strontium, barium and zirconium content of the 
source material can be overcome. There is then no longer 
any need to assume that this material has anything but 
calc-alkaline affinites.
Conclusions
Although no single line of evidence is conclusive, 
it can be seen that most of this data is in accord with 
bothhybridisation and partial melting hypotheses for 
the origin of the Hartley granites, and that serious 
objections can be raised against most other alternatives.
The relative roles of contamination and partial 
melting are difficult to assess since they are closely 
related, an acid melt being the initial product in both 
cases. It would appear inevitable that some overlap must 
occur. However, progressive partial melting producing 
successively more basic magmas cannot account for the 
observed relationships between granites and xenoliths.
Piwinskii (1968) and Piwinskii and Wyllie (I968) 
have provided valuable experimental data relative to this 
particular problem. They have shown that in a variety of 
granites, comparable in compositional range to most of the 
Hartley granites, melting at 2-3 kb/cm^ water vapour 
pressure takes place in two stages. Quartz, potassium 
feldspar and albitic. plagioelase melt completely at 
700-750°C to give an acid melt and refractory residual 
material of calcic plagioelase, biotite, hornblende and opaque
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minerals. On the basis of refractive indices, they 
estimate that the melt, formed in granites, granodiorites 
and tonalites, contains about 75 per cent silica, which 
is close to the calculated composition of the acid 
parental magma of the Hartley rocks. The residual 
calcic plagioclase, hornblende and opaque minerals 
persist to temperatures in excess of 900°C before 
complete melting occurs.
They interpret these results as indicating that 
if these granites are formed by partial melting, then 
high temperatures in excess of 900°C, are required in 
the base of the crust, and support the alternative 
explanation, that the granite was emplaced as a 
eutectic-like liquid containing suspended crystals and 
inclusions of refractory residual material. This 
suggestion is completely in accord with the suggestions 
made in this thesis on the basis of field, petrographic, 
chemical and mineralogical data.
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Petrogenetic Model for the Hartley area
Although it has been demonstrated that the granitic 
and associated basic rocks in the Hartley area are not 
directly related and are probably of different origins, 
certain outstanding anomalies still remain. Thus, the 
two rock series, although dissimilar in detail, share 
certain broad geochemical features such as exceptionally 
low nickel and chromium values, high strontium contents, 
and unusually low ferrous/ferric iron ratios even for 
calc-alkaline rocks. Coupling these specific characteristics 
with the general observation that comparable associations 
of widely differing ages are common throughout the world, 
it appears that, for a petrogenetic model to be adequate, 
it should be able to account for this characteristic 
association and the chemical similarities, while also 
explaining the lack of direct relationship and contrasting 
origins.
The basic rocks exhibit geochemical affinities 
with calc-alkaline volcanic rocks (Nockolds and Allen,
1933)> and it has been suggested that the chemical 
variation in these rocks is similar to that in many basalt - 
andesite - dacite associations occurring in orogenic belts 
along continental margins and island arcs. Specific 
comparisons have been made with basalts and andesites of 
Paracutin (Williams, 1930)> the Aleutian Islands (Coats,
1932, I939)» the M t . Misery Volcano (Baker, 1967) and the 
basaltic - dacitic rocks from the Taupo region (Steiner,
19 +^8 ; Ewart and Stipp, 1968), and it has been suggested 
that the Hartley basics may be equivalent to small basic 
stocks that are associated with some of these volcanics.
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If these suggestions are correct, the origin of the 
Hartley basic bodies must be closely allied to that of 
calc-alkaline volcanics, particularly those of restricted 
compositional range at the basic end of the series.
The tectonic setting of the Hartley rocks is 
compatible with this suggestion. They are intruded into 
Upper Devonian rocks of the Capertree eugeosynclinal 
high within the complex Lachlan geosyncline (Crook, 1969)» 
Crook suggests that this geosyncline has developed on 
Pacific Ocean simatic substrate at the margins of the 
continental kraton, and that outward progression of the 
geosyncline from the kraton with time has led to 
continental accretion. He cites this as an example of a 
’Pacific type’ geosyncline and suggests that the New 
Guinea geo syncline is a contemporary representative of 
this type. These suggestions accord with recent ideas 
concerning orogenesis, calc-alkaline vulcanism, and 
continental growth (Wilson, 1932; Taylor and White, 1966; 
Taylor, 1967» Green and Ringwood, 1968). In the Lachlan 
geosyncline, which was active from Cambrian times, there 
have been repeated outbreaks of vulcanicity, both basic 
and acidic, and the Hartley basic intrusives can be 
considered to be a small part of a continuing process 
of geosynclinal development, volcanic activity and 
continental growth. The absence of volcanic rocks of 
comparable age to the basic bodies may be attributed to 
extensive erosion following the Kanimblan orogeny, prior 
to the deposition of the Permo-Carboniferous rocks that 
unconformably overlie these rocks.
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The basic rocks, gabbro - diorite - tonalite, form 
a coherent chemical series, and it is evident that the 
gabbro and diorite are cogenetic. It is suggested that 
both rocks have developed in the upper mantle or lower 
crust by a two- or multi-stage process.
The first stage involves the derivation of high- 
alumina basalt magma from primitive mantle material, 
which is assumed to be of pyrolite composition (Ringwood, 
1962), by one of the two models proposed by Green et al. 
(1967)» involving either the fractional crystallisation 
of olivine tholeiite (derived from pyrolite at depths 
from 36-60 kms.? Green, D.H. and Ringwood, 1967)» or 
fractional melting of pyrolite, both at depths of about 
15-35 km. In either case, the magma will become enriched 
in the plagioclase components and depleted in nickel, 
chromium and cobalt which will remain in residual olivine, 
clinopyroxene and chromite phases. Taylor (1969) suggests 
that this process occurs on a large scale, forming an 
anomalous, low seismic velocity zone in the upper mantle 
beneath orogenic areas.
In the second stage, the diorite and gabbro magmas 
are derived from the first stage material either by 
further fractional crystallisation in the lower crust 
or upper mantle, at a depth of about 15-35 km. or by 
partial mplting under similar conditions. If fractional 
crystallisation occurs, it is unlikely that the initial 
magma would be hydrated, since there is little evidence 
of primary crystallisation of hornblende in the Cox's 
River Gabbro, unlike other gabbroic bodies, where the 
development of the calc-alkaline trend is attributed 
to the removal of hornblende (Best and Mercy, 1967)*
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It is to be expected, however, that progressive 
crystallisation of anhydrous phases will increase the 
water vapour pressure sufficiently to promote the 
crystallisation of hornblende and biotite in the diorite 
magma.
It has been pointed out previously that the 
extremely high aluminium content of the Cox’s River 
Gabbro, coupled with the low magnesium, nickel and 
chromium contents, indicates that the gabbro has been 
fractionated prior to intrusion. This means that either 
the crystallisation of plagioclase is suppressed 
sufficiently to produce a magma of the appropriate 
composition, or, because it has a density similar to 
that of basaltic liquid (Wager and Brown, 1968, p.588),
part of the crystallising plagioclase remains in 
suspension in the magma and separates off together with 
magma. This implies that the gabbro may have been 
emplaced as a magma containing plagioclase crystals in 
suspension. Further fractional crystallisation involving 
the removal of plagioclase as well as pyroxenes, olivine 
and magnetite will give rise to a dioritic magma.
Calculations have shown that in the case of the 
Hartley rocks, abundant residual material, closely 
approaching the composition of a basic high-alumina 
basalt, has to be removed to produce a magma of dioritic 
composition. This amount may range from 70 to 90 per 
cent depending on the composition of the first stage 
high-alumina basalt. Similar calculations by Osborn 
(1959) and Kuno (1968b) indicate that andesites could be 
derived from basalt by removal of similar material in 
similar proportions.
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Different degrees of partial melting of the stage-one 
high-alumina basalt may also give rise to diorite and 
gabbro magmas. In this case, however, there is no need 
to assume that the parent material is dry, since water 
will preferentially enter the first formed dioritic 
melt, and providing the gabbro magma is formed at 
temperatures above that of the dissociation of amphibole 
the final result of the two processes should be similar. 
The suggestion of Green and Ringwood (1968) concerning 
the wet melting of basalt at a depth of 30-40 km. is 
compatible with this second alternative, except for a 
disagreement concerning the role of amphibole, In the 
Green and Ringwood model it is suggested that the removal 
of residual amphibole is an efficient mechanism for 
increasing the silica content of the melt. In the case of 
the Hartley rocks, indications are that primary amphibole 
has not been involved in the fractionation process, and 
it is necessary to assume that, if an amphibole-bearing 
parent material is involved, the gabbro was produced 
after the breakdown of hornblende.
The low ferrous/ferric iron ratios in these rocks 
plus abundant model magnetite, suggests that either 
process must have occurred under strong oxidising 
conditions, and that removal of magnetite during 
fractionation must have taken place. However, trace 
elements such as rubidium, zirconium, barium and thorium 
place severe restraints on the composition of the most 
basic material that can be removed, either as a 
refractory residuum or as precipitating crystals, and it 
is clear that this residual material cannot contain 
abundant magnetite. The important factor is that
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magnetite should be present, and that the desired 
compositional effect is obtained by the removal of a 
large amount of residual material, containing slightly 
more magnetite than the parental basalt. In this way, 
problems concerning the excessive removal of vanadium 
(Taylor et. al., 1969) are avoided.
Following fractionation, either by progressive 
partial melting or crystal separation, at a depth of 
between 15 and 35 km., the two magmas are intruded into 
the upper crust to the present level of exposure. The 
available evidence indicates that the diorite was almost 
entirely liquid when it was emplaced, whereas the 
gabbro may have been partially crystallised. Experimental 
work of Green and Ringwood (1968) suggests that both were 
therefore probably emplaced at temperatures of about 
1000°C. Further, although the diorite contained 
sufficient water for biotite and hornblende to crystallise, 
it was by no means saturated, or it could not have risen 
to a low pressure environment without crystallising.
After intrusion, both the gabbro and the diorite 
fractionated further in situ, the gabbro giving rise to 
cumulate lenses of hornblendite (the hornblende is 
believed to be largely of secondary origin) and bands 
of anorthositic gabbro, and the diorite to small masses 
of quartz-diorite and tonalite.
The model outlined above for the derivation of 
dioritic and gabbroic magma from the mantle shares many 
features with a variety of hypotheses proposed by 
Hamilton (1964), Taylor and White (1966), Osborn (1962, 
1969)> Kuno (1968), Green and Ringwood (1968) and 
Taylor (1969)» One of the main objections that can be
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raised, is that if this model applies to calc-alkaline 
rocks in general, the large volume of andesites occurring 
in orogenic zones compared with other types, implies that 
considerable quantities of residual material should be 
present somewhere in the crust or upper mantle. Both 
Osborn (1969) and Kuno (1968) have discussed this problem, 
and have suggested, respectively, that this residual 
material is represented by alpine peridotites, or is 
present as a gabbro beneath the orogenic zone.
Kuno has examined the structure of the Izuzu - Mariana 
arc and the main island of Japan and has suggested that 
thickening of the lower crust beneath these two regions is 
probably the result of the addition of voluminous amounts 
of gabbroic material to the lower oceanic crust as a 
complementary process to the formation of andesites. He 
estimates that the volume relationships between the 
extruded volcanics and pyroclastics and the postulated 
gabbroic rocks are roughly proportional to the calculated 
proportions of the solid material subtracted and the 
magmas produced. In contrast, Smith and Carmichael (1968) 
state that geophysical evidence indicates that there is 
no complementary mass of basic material beneath the 
southern Cascades.
Of the two alternatives suggested, partial melting 
of high-alumina basalt appears to present less of a 
problem than does fractional crystallisation in accounting 
for the origin of andesites.
In contrast to this model for the evolution of the 
basic rocks, it is considered that the granitic rocks 
are the product of partial melting of, and contamination
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by, a variety of intermediate to basic rocks of calc- 
alkaline affinities, in the lower crust or upper mantle. 
These rocks, which are thought to cover a wide 
compositional spectrum, are considered to be the products 
of the calc-alkaline vulcanism that has occurred 
sporadically in this part of the Lachlan geosyncline 
since the Ordovician. Thus, according to the preceding 
model, it might be expected that this part of the lower 
crust or upper mantle would consist of residual gabbroic 
material, together with diorites and even granodiorites 
or tonalites, all remnants of earlier igneous activity, 
and consisting of consolidated magma that has failed to 
migrate from its source of origin together with the 
residual products of magma genesis.
Partial melting of this material may occur in 
response to crustal thickening, produced both by extrusion 
of lavas and pyroclastics at the surface in conjunction 
with the deposition of sedimentary material derived from 
volcanic detritus and from the nearby continent, and by 
solidification of calc—alkaline magmas and associated 
residual material in the lower crust.
In this model, which shares certain features with 
a recent proposal by Kuno (1968a), granitic rocks are 
unlikely to form in an orogenic region until considerable 
crustal thickening has occurred, thus providing possible 
explanations for the absence of granitic rocks (other 
than diorites associated with andesitic vulcanism) in 
young island arc regions, and for the emplacement of 
major granite batholiths towards the end of, or after, 
major orogenic activity (Gilluly, 1963)» Thus, in the 
Lachlan geosyncline, which is generally considered to
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have evolved with time from west to east, one would 
expect to find the oldest granites in the west and a 
progressive decrease in age towards the east. Available 
evidence suggests that this is the case. The Yeovil 
batholith in the west was emplaced about 400 m.yrs. ago 
(Gulson, 1968), whereas the Hartley granites in the east 
were emplaced about 300 m.yrs. ago (Evernden and 
Richards, 1962). The Wyangala batholith, situated 
between these two, has been dated at about 350 m.yrs. 
(Evernden and Richards, 1962).
Providing partial melting occurs at relatively
low temperature, the product will be an acid magma
containing refractory residual xenolithic and xenocrystic
material. The composition of the magma will depend
largely on the physical conditions obtaining and possibly
also upon the composition of the material being melted.
An estimate of the composition of this acid melt,
together with confidence limits, has been given in Table
3:11. Particularly noteworthy is the closeness of this
composition to the minimum melting composition in the
Quartz — Orthoclase - Albite system at water vapour2pressures of about 300-1000 kg/cm (Tuttle and Bowen,
1958), and also to the parental acid melt postulated by 
Chappell (1966) for the Moonbi granites.
The separate regression lines for certain elements 
are taken as evidence that the source material differed 
in composition for individual granites or groups of 
granites. It also seems probable that there may be a 
connection between the acidity of the Hartley granites 
and the acidity of the source material. These suggestions
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overcome certain of the difficulties involved if only 
a single source material is postulated.
1 The multiple trends for certain elements can 
be accounted for.
2 The suggestions help to explain the homogeneity 
of individual granites by assuming that each 
granite or group of granites is derived from 
specific source material, thus avoiding the 
need to assume a continuous contamination 
process.
3 They overcome an internal ’volume problem’ since 
only small quantities of acid melt would be 
produced from homogeneous basic source material.
On the present hypothesis, acid source material 
will produce a relatively large amount of melt 
that may separate off prior to extensive 
contamination, whereas the relatively small 
amount of melt obtained from more basic source 
material will not separate as readily and may
be expected to become more highly contaminated.
The magmas so produced will rise under a gravitational
potential, together with refractory basic inclusions and
xenocrysts, into higher levels of the crust, the extent of
this migration being largely controlled by water vapour
pressure. If the water vapour pressure is high, the magma
will only be able to rise a short distance before the load
and water vapour are equal, and crystallisation will follow.
Therefore, in the case of the Hartley rocks the water
vapour pressure must have been low, probably of the order 
/ 2of 500-1000 kg/cm , enabling these granites to be emplaced 
at a high level in the crust.
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Contamination of the acid melt by the basic refractory 
inclusions is likely to occur both at the source and during 
upward movement through the crust. It has already been 
suggested that the amount of contamination will probably 
depend on the volume of acid melt produced, which in turn 
will be a function of the composition of the source 
material. As contamination proceeds, the minerals of the 
basic inclusions and xenocrysts in the magma will be 
modified so that they are in equilibrium with the acid melt. 
Bowen (1928) suggests that this kind of reaction, in which 
minerals high in a reaction series are converted to minerals 
lower in the series, is essentially exothermic; 
consequently, heat will not be lost from the magma during 
these reactions. This process will also be associated 
with diffusion of elements both from and into the 
inclusions, together with mechanical disintegration. In 
this way, the breakdown of the basic xenoliths will 
contribute hornblende, biotite, magnetite, sphene and 
apatite to the acid melt, producing the final composition 
of the granitic rocks.
This hypothesis is basically similar to that proposed 
by Chappell (1966) for the Moonbi granites, in that the 
chemical variation of the granitic rocks is attributed to 
hybridisation, and both the acid magma and the basic 
contaminant are derived from the same source. The major 
difference is that in the case of the Hartley granites, 
it is necessary to assume that the source material is of 
variable composition, in contrast to the homogeneous basic 
parental material proposed by Chappell.
314
PETROGENETIC CONCLUSIONS
To summarise the preceding section, the following 
conclusions and suggestions have been made:- 
i) It has been demonstrated that the granitic and 
associated basic rocks in the Hartley area do not belong 
to a single chemically coherent calc-alkaline series, 
and are not directly related to each other. As a 
corollary, it is proposed that the basic and granitic 
rocks have originated through entirely different 
processes.
ii ) The basic rocks, gabbro, diorite and tonalite, are 
cogenetic and it has been suggested that they are 
plutonic equivalents of basic calc-alkaline volcanic 
rocks. The available evidence is compatible with a 
mantle or lower crustal origin, and it is suggested that 
they have been derived from mantle material by a two- 
stage process.
In the proposed model, the first stage involves 
the formation of high-alumina basalt magma from primary 
mantle material at shallow depths. The second stage 
involves either fractional crystallisation or partial 
melting of this basaltic material, giving rise to gabbro 
and dioritic magmas. Following emplacement at their 
present level in the crust, these magmas fractionated 
further, producing a plagioclase-rich gabbro and 
tonalite respectively.
iii ) In the case of the granitic rocks, the available 
evidence points to a hybrid origin, in which an acid 
magma produced by partial melting of pre-existing rocks 
near the base of the crust has been contaminated at or 
close to its source by the refractory basic residuum.
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A similar suggestion was made by Chappell (1966) 
for the granitic rocks from the southern part of the New 
England batholith. The present investigation provides 
additional support for this hypothesis, but in the case 
of the Hartley granites it is necessary to assume that 
several parental rock types are involved. In order to 
account for the broad chemical similarities between the 
unrelated granitic and basic rocks, it has been 
proposed that these parental rock types may have 
consisted of calc-alkaline rocks accumulated in the 
lower crust during earlier igneous activity, 
i v ) These conclusions point to the possibility that 
other typical calc-alkaline 'series’, volcanic as well 
as plutonic, may in fact be of polygenetic origin, 
raising the question of the validity of present concepts 
concerning calc-alkaline series.
APPENDIX A
THE APPLICATION OF CLUSTER AND DISCRIMINATORY 
ANALYSIS IN MAPPING GRANITE INTRUSIONS*
J .M . Rhod e s
Geology Department, Australian National University, 
Canberra, A.C.T. (Australia)
This paper outlines an approach to the mapping of 
granitic rocks in which the numerical classificatory 
procedures of cluster and discriminatory analysis are 
used to supplement the largely subjective approach of 
conventional field mapping.
Two examples are given. In one there is good 
agreement between the numerical and field methods. In 
the other example the numerical approach indicates the 
presence of two chemically distinct granites in what was 
believed, on the basis of field and petrographic 
evidence, to be a single homogeneous granite.
* Manuscript accepted for publication, Lithos, 1969.
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THE APPLICATION OF CLUSTER AND DISCRIMINATORY 
ANALYSIS IN MAPPING GRANITE INTRUSIONS 
J.M. Rhodes
Geology Department, Australian National University, 
Canberra, A.C.T. (Australia)
INTRODUCTION
In mapping and sampling granites (sensu lato) 
geologists are attempting to determine whether a granite 
body is homogeneous, whether it is continuously and 
gradationally variable, or whether it is a composite 
intrusion of several distinct granite types. It is from 
such deductions, supported by geochemical and 
mineralogical data, that petrogenetic inferences are 
made .
Despite its accepted importance, geological mapping 
remains largely a subjective process as evidenced, for 
example, by the frequent revision of the geology of 
previously mapped areas. Mapping of granites is 
particularly subjective because a variety of qualitative 
or semi-quantitative criteria, such as colour, texture, 
mineral associations and abundance of xenoliths, are 
used to subdivide granite bodies and to assess their 
areal variation. In this approach the geologist is, to 
paraphrase Cattell (l966, p.12), substituting his 
vulnerable personal perceptions, erratic memory, and 
intuitive judgement for measurement, dependable 
scientific record and statistical computation.
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Whitten and his co-workers (Whitten, 1961, Dawson 
and Whitten, 1962, Whitten, 1963» Whitten and Boyer,
1964) have approached this problem using quantitative 
data to study the areal variation of granitic rocks by 
trend surface analysis. This paper presents an 
alternative approach,using numerical classification 
procedures, such as cluster and discriminatory analysis. 
In cluster analysis, the samples are first compared for 
similarity, and are then subdivided into an unknown 
number of distinct groups in which the samples in each 
group are more similar to each other than to those in 
the other groups. Discriminatory analysis is used to 
test the significance of the difference between already 
established groups, and also to assign unknown samples 
to an appropriate group.
In the field, the geologist compares each outcrop 
with every other outcrop, or more correctly, with an 
integrated concept of the character of these outcrops, 
and divides the granite mass into areas of similar rock 
types. It is clear that the numerical and field 
procedures are basically similar and therefore one may 
logically complement the largely subjective procedure 
with the more reproduceable procedure based on 
quantitative data.
It would obviously be impossible to obtain 
quantitative data for every outcrop. Therefore, samples 
collected on the basis of conventional mapping have been 
chemically analysed, and the data used to cluster these 
samples into groups of greatest similarity. A 
coincidence of groups of samples obtained by the two 
methods enables geological relationships to be
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interpreted with greater confidence. Discriminatory 
analysis is used to supplement mapping and clustering 
procedures by assigning further, systematically collected 
samples to one of the previously identified groups.
This paper summarizes an application of both 
cluster and discriminatory analysis to granite mapping, 
and applies these techniques to two geological examples.
OUTLINE OF METHOD
Various methods are available for determining the 
similarity between samples. They fall into two main 
categories, those using numerical data such as the 
correlation coefficient, distance coefficient, or cos 0 
coefficient, and those using non-numerical data coded 
into two or multi-state form, such as matching and 
association coefficients. Details of computational 
procedures for some of these various coefficients are 
given in Sokal and Sneath (1963)» Williams et al.
(1966) and Harbaugh and Merriam (1968).
In this paper the simple distance coefficient is 
used (Sokal and Sneath, 1963» Parks, 1966; Harbaugh and 
Merriam, 1968), obtained from:-
Here X . . and X., are normalised values for the i ij ik
variable in samples j and k, and D is a measure of the
J ^Euclidian distance between two samples in m-dimensional 
space, where m is the total number of variables. In 
order to give equal weight to each variable, the data
th
Ah
are normalized prior to calculation so that values for 
each variable range from 0.0 for the lowest value to 
1.0 for the highest. Consequently, the distance 
function is limited to values between 0.0 and 1.0. The 
shorter the distance between two samples, the greater 
the degree of similarity and vice versa. Distance 
coefficients for all the N(N-1)/2 possible pairs of 
samples are calculated in this way and the results 
tabulated in a triangular similarity matrix.
The major objection to the use of the Euclidian 
distance is the underlying assumption that all of the 
variables are orthogonal and hence non-correlated. 
Geological data are rarely of this kind, and geochemical 
data from granitic rocks are frequently highly 
correlated. The effect of using correlated data is to 
give the highly correlated variables greater weight 
than the weakly correlated variables.
Parks (1966) overcame this problem either by using 
only those variables that are weakly correlated or by 
performing an R-mode principal component analysis of 
the variables, and then clustering the samples on the 
basis of their component scores. This approach is not 
entirely satisfactory, since it results in certain 
elements, such as zirconium, uranium and lead, that are 
weakly correlated both with one another and with most 
other elements, each being given as much weight as most 
of the major elements and many of the trace elements 
combined. Furthermore, from an eraprical viewpoint the 
results of such analyses when applied to the kind of 
problem under discussion cannot be satisfactorily 
related to the results of geological mapping.
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An alternative approach is to cluster the samples 
on the basis of their component scores (derived from 
R-mode principal component analysis) without first 
normalising the scores to range between 0.0 and 1.0. In 
this way each component is being weighted according to 
its contribution to the total variance of the system, 
and yet the geometrical requirements of orthogonality 
are still maintained. In principal component analysis 
it is customary to attempt to relate the components, 
particularly the first component, to some fundamental 
process or processes that have affected the system. 
Consequently, it seems reasonable to give more weight 
to the largest component or components than to others 
whose contribution to the total variance of the system 
is small, and whose presence may be related to 
secondary processes or even to analytical error.
Cattell et al. (1966) accept the principle of weighting 
variables in cluster analysis and have suggested that 
the best form of clustering will be obtained by 
weighting those variables that are good discriminators 
in preference to those that do not discriminate. Since 
the first component is designed to account for a large 
proportion of the total variance (between seventy and 
eighty-two percent in examples studied here), it is a 
most efficient discriminator between samples.
When this approach is applied to clustering 
granites, the results are almost identical with the 
original procedure using correlated variables and 
ignoring the requirements of orthogonality. This is 
because the large number of highly correlated variables 
will contribute mostly to the first principal component, 
whereas the less correlated variables will contribute to
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the remaining components; and the components’ 
contribution to the variance of the system will be 
determined by the number of variables and the degree of 
inter-correlation. Because of this concurrence, the 
simpler approach has been used here.
When only a few samples are involved, it is easy to 
inspect the similarity matrix to find groups or clusters 
of samples that are more similar to each other than they 
are to other groups or samples. Usually, however, the 
similarity matrix is too large for direct interpretation 
and it is necessary to determine the inter-relationships 
and natural groupings within the similarity matrix by 
some clustering method. The results are represented in 
two-dimensional hierarchical diagrams or dendrograms in 
which the natural divisions between major groups are 
usually obvious. Essentially there are two approaches, 
divisive and agglomerative, currently used to obtain 
this final grouping. Divisive methods have been 
described by Edwards and Cavalli-Sforza (1965) and by 
Macnaughton Smith (1965)» These involve splitting the 
similarity matrix into two dissimilar groups, followed 
by division of these sub-groups into smaller groups. 
Agglomerative methods involve the combination of similar 
samples into sub-groups, which are further linked into 
larger groups. These have been fully described by Sokal 
and Sneath (1963) and Parks (1966).
In this paper the agglomerative weighted-pair group 
method described in detail by Sokal and Sneath (l963> 
p.310) is used for clustering the distance coefficients. 
Briefly, the similarity matrix is searched for the 
smallest distance coefficient between two samples.
These two samples are then combined to form a single
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sample, and distance functions between this new sample 
and the other samples are calculated, the search being 
continued until all samples have been related in this 
way.
The main disadvantage which applies to all of these 
methods, is that the dendrogram is a two-dimensional 
simplification of a multi-dimensional relationship. It 
is inevitable that some distortion of similarities will 
occur, particularly at the lower levels of similarity. 
Some measure of the distortion can be obtained by 
calculating a correlation coefficient between the 
distance functions of the similarity matrix and those 
derived from the dendrogram. Individual discrepancies 
can be identified by computing the difference between 
the distance functions of the similarity matrix and the 
dendrogram, and representing the results in a deviation 
matrix. Deviations that are larger than the normal 
level of deviation can be identified either by 
inspection or by some iterative search process. It must 
be emphasised that the dendrograms are only a convenient 
way of representing relationships, they are not complete 
in themselves, and any order or grouping identified in 
the dendrograms should be checked by reference to the 
similarity matrix.
It is at this stage that the groups or clusters of 
samples obtained from the dendrogram and similarity 
matrix can be related to the preliminary grouping of 
samples found by field mapping. Agreement between the 
two approaches gives greater confidence to the 
geological interpretation. Where either the field or 
numerical approach suggests the presence of two or more
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distinct rock types that are not confirmed by the other 
method, then discriminatory analysis can be used to 
examine, on the basis of the variables being used, the 
nature of the difference between the different rock 
types identified by either field mapping or cluster 
ar.aly si s.
Excellent introductions illustrating the 
application of discriminatory analysis to geological 
problems are given by Krumbein and Graybill (l965)» 
Davis and Sampson (1966), Harbaugh and Merriam (1968), 
ar.d Potter, Shimp and Witters (1963)» All of these 
examples, including the account given here, deal with 
simple discrimination between two groups. The more 
general form of the discriminant problem, dealing with 
mere than two groups, is described by Rao (1952) and 
Ccoley and Lohnes (1962), and has been applied to a 
geological problem by Middleton (1962).
Briefly, discriminant analysis is the computation 
of some linear combination of m variables that most 
efficiently separates two groups of samples in m- 
damensional space so that the ratio of the between- 
groups variance to the within-groups variance is 
meximised. This linear function is specified for the 
variables (x) and constants (x) as:-
R Z Xi=l ix i
2Mchalanobis* generalised distance (D ), which is a 
mtasure of the distance between the multivariate means, 
is derived by substituting the difference between the 
variable means (AX^) into the discriminant function:-
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2 m —D = E A.A X,
i=l 1 1
2The larger the value of D the greater the efficiency of 
discrimination. If two distinct, non-gradational 
granite types have been identified from field evidence, 
then the significance of the difference between them can 
be tested by the variance ratio:-
( N ,  N2 ) ( N i + N2 -  m -  1)  2
F " m (N1 + N2 j (N1 + N2 - 2) D
with m and (n  ^ + - m - 1 ) degrees of freedom. If,
however, the existence of the two groups has been 
inferred from cluster analysis, it is not possible to 
test for the significance of the difference between 
them, since the same chemical data is used both for 
clustering and for discrimination. An alternative, 
though less formal solution to this type of internal 
discrimination problem, suggested by Moran (1966), is to 
examine the frequency distribution of the discriminatory 
index. If the distribution is clearly bimodal, it is 
reasonable to deduce that there are two groups of 
samples present. A discriminatory index can be 
calculated that will enable unknown samples to be 
optimally assigned to either of the two granite types. 
The discriminant index is found by substituting the 
means of the m variables for the two groups into the 
discriminant function:-
R 1
m
E X
i = 1
.X.n1 ll and £ X iX i2i= 1
By substituting the values of the m variables into the 
discriminant function and subtracting a constant which
AlO
is the average of and R^, an unknown sample can be 
assigned to either the first or second group depending 
on whether the discriminant value is negative or 
positive. This is particularly useful if there is a 
small but significant difference in the chemistry of two 
rock types that cannot be recognized in the field. In 
this case the discriminatory index can be used to 
classify additional, systematically collected samples 
into either of the two types, and a boundary between 
them can be determined.
EXAMPLES
1. Mount Shoobridge Granite
The Mount Shoobridge Granite is a small diapiric 
stock in the Northern Territory of Australia, about one 
hundred miles (l60 km.) south of Darwin. It has been 
mapped by the author at a scale of six inches to the 
mile (1:10,560). Although the granite occupies an area 
of only about one square mile (3 square kms), it has 
been divided on the basis of the field mapping into 
three distinct granite types: a marginal granodiorite, a
porphyritic granodiorite, and a small central core of 
leucocratic adamellite (Fig. 1). The irregular boundary 
at the southern side of the granite between the 
porphyritic granodiorite and the marginal granodiorite 
is strongly influenced by topography, suggesting that 
the present level of erosion is close to the top of the 
stock. This boundary is sharp in some places, and 
gradational over about twenty feet (6 metres) in others. 
The boundary between the leucocratic adamellite and the 
porphyritic granodiorite is nowhere exposed, but is
All
thought to be sharp since intermediate rock types have 
not been found.
Sixteen samples were collected from the three main 
rock types, mainly from the well-exposed southern 
section, and analysed for major elements and for the 
trace elements Rb, Sr, Y, Pb, U, Th, Nb, Zr (Table 1).
The results of clustering these samples, using all 
the variables except H^O and CO^, are given in a 
similarity matrix (Table 2) and illustrated in a 
dendrogram in Fig. 2. It is clear from the dendrogram 
that the recognition of three main rock types identified 
in the field study has been substantiated by cluster 
analysis. Several other features warrant further 
consideration. In the dendrogram samples 25? 28, and 21
form a small sub-group that has been grouped with the 
porphyritic granodiorite, whereas inspection of the 
similarity matrix (Table 2) shows that these three 
samples are in fact approximately intermediate in 
similarity between the porphyritic granodiorite and the 
marginal granodiorite. Examination of the map (Fig. 1) 
shows that each of these three samples has been 
collected close to the boundary between these two rock 
types. Sample 35 was collected from a vein of fine­
grained aplitic material within the leucocratic 
adamellite, with which it was thought to be related.
From Fig. 2, however, it is apparent that although 
sample 35 is more closely related to the leucocratic 
adamellite than to any other rock type, it is still 
quite distinct from it.
Although the results of field mapping and cluster 
analysis are in good agreement, it is evident from the
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low correlation coefficient of 0.5^ - between the distance 
coefficients in the similarity matrix and those derived 
from the dendrogram, that the dendrogram has distorted 
some of the information contained in the similarity 
matrix. This distortion can most easily be checked by 
reference to the deviation matrix which is reproduced 
below the principal diagonal of the similarity matrix 
(Table 2). There are four distinct areas of deviation: 
the relationship between the leucocratic adamellite and 
the prophyritic granodiorite, that between sample 35 and 
the marginal granodiorite, that between sample 32 and 
the prophyritic granodiorite, and that between sample 21 
and the marginal granodiorite. All these deviations 
have been brought about at the level at which the 
porphyritic granodiorite clusters with the marginal 
granodiorite, and do not therefore alter the general 
conclusion that the results of field mapping and cluster 
analysis are in good agreement.
2. Hartley Granite
This is a small mass of hornblende granodiorite at 
the eastern end of the Bathurst Batholith in New South 
Wales. The area was described by Joplin (1931) and is 
being re-examined from a geochemical viewpoint by the 
writer. The granodiorite occupies an area of about six 
square miles (15 square kms). It intrudes Devonian 
sediments and an older granodiorite to the south and is 
itself intruded by prophyritic biotite granite and 
leucocratic granite to the north. The eastern end of 
the granodiorite is unconformably overlain by Permo- 
Carboniferous sedimentary rocks. Field mapping suggests 
that the granodiorite is a single homogeneous unit.
1 mil«
P e r m o - C a r b o n i f e r o u *  C o n g lo m e ra te
Oevonian S e d im e n ta r y  Rock«
L e u c o c ra t ic  and Porphyrl t lc  A d a m e l l i te *
H ar t ley  Granodiorite
Hornblende B io t i te  Granodiorite
•  Table 3Sample Localities
—3a* -134
^  61 •
—147
Figure 3a Geological map of the Hartley
granodiorite, east end of Bathurst 
batholith, New South Wales.
Figure 3t> Discriminatory values for samples
from the Hartley granodiorite. The 
heavy zero contour line separates 
samples with positive and negative 
discriminatory values.
Table 3. Chemical analyses of the Hartley Granodiorite
43
GROUP
44
A
70 5 89 71
GROUP
26
B
40 33
Si02 66.84 66.96 67.48 67.03 66.87 68.13 68.19 68.27 68.33
Ti02 0.65 0.66 0.63 0.65 0.67 0.57 0.57 0.55 0.55
A12°3 14.83 14.88 14. 79 14.77 14.85 14.52 14.40 14.55 14.55
Fe 2 ° 3* 4.13 4.12 4.10 4.15 4.21 3.61 3.54 3.35 3.51
MnO 0.07 0.07 0.07 0.07 0.08 0.08 0.06 0.05 0.06
MgO 1.61 1.48 1.54 1.65 1.69 1.41 1.33 1.24 1.34
CaO 3.33 3.61 3.69 3.37 3.65 3.16 3.03 3.16 3.08
Na20 3.23 3.46 3.35 3.22 3.49 3. 35 3.21 3.39 3.43
k 2o 3.78 3.51 3.52 3.68 3.16 3.59 3.87 3.91 3.60
P2°5 0.19 0.19 0.17 0.20 0.20 0.16 0.17 0.16 0.17
h 2o (+) 0.54 0.56 0.65 0.71 0.69 0.72 0.73 0.54 0.63
H20 (-) 0.13 0.08 0.10 0.11 0.08 0.09 0.09 0.08 0.08
C°2 0.29 0.16 0.13 0.18 0.23 0.11 0.25 0.11 0.08
TOTAL 99.62 99.74 100.22 99.79 99.87 99.50 99.44 99.36 99.41
Sp. Gr. 2.70 2.70 2.69 2.69 2.70 2.68 2.67 2.68 2.68
Trace Elements (in 
Rb 152
p.p.m.)
143 148 152 135 ] 46 150 159 167
Sr 436 484 464 487 476 457 429 419 429
Y 18 19 15 18 18 15 16 16 16
Th ^ 19 19 19 18 19 21 22 20 19
U+ 4.3 5.0 5.1 5.2 4.1 5.7 3.6 2.5 8.7
Zr 171 180 143 173- 172 143 148 165 164
Nb 21.1 20.0 21.2 17.2 17.0 18.4 19.6 20.5 17.7
Pb 15 16 16 15 16 17 17 16 16
Discriminant Values 
62.3
0*)
61.1 51.9 56.7 75.7 -46.2 -70.5 -74.4 -55.4
*Tbtal Iron expressed as Fe^O^.
Th and U determined by y-ray spectroscopy by Dr K.S. Heler at the Australian National 
University.
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(group B) . This distinction could not be recognised in 
the field, even alter re-examination, or from modal 
analyses. The problem therefore is to check whether the 
two groups identified by cluster analysis are the result 
of a random inhomogeneity in the granodiorite, or whether 
two discrete groups exist, and if so to attempt to 
locate a boundary between them.
Since these two groups can only be recognised 
chemically, a further twenty three samples were 
systematically collected and partially analysed for some 
of the major elements (Table 3> Fig. 3a). A 
discriminant function was calculated from the. nine 
initial samples (Table 3) using the four oxides Fe^O^, 
SiOp, Al^O^ and TiO^. The discriminant function is as 
follows:—
R = 118.76 Fe2C>3 - 0.51 Si02 + 133*08 AlgO + 6O .87 TiC>2
These variables were selected since they provided the
most efficient discrimination between the two groups,
with a of 124.67» Addition of further variables did
2not materially increase the value of D .
The discriminant indices (R^, R^) Tor the two
groups are respectively 2470.18 and 23^3»31»
Discriminant values (r ) for all thirty two samples 
(Table 3> Table 3) have been calculated from the 
following equation:-
R = 1 1 8.76 Fe20^ - Si02 + 133.08 AlgO + 6O .87 TiC>2 -
2407.83
where 2407»83 is the average of the discriminatory 
indices R^ and R^ obtained for the two groups. The
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frequency distribution of these discriminatory values is 
plotted in Fig. 5* it is clearly bimodal, indicating 
the presence of two discrete granite types. Those 
samples with a positive discriminatory value can be 
classified into the more basic group (group A), and 
those with a negative value into the less basic group 
(group B).
These discriminatory values have been rounded off 
to the nearest whole number and plotted in Fig. 3t>, and 
the zero contour separating the two groups fitted using 
a Laplacian computer interpolation programme (Crain,
1969)* The areal distribution of the two groups is not 
simple, and several uncertainties remain, but it is 
apparent that the two granite groups occur in discrete 
areas and that the boundary between them is fairly 
sharp.
CONCLUSIONS
1. Cluster analysis provides a useful supplement to 
field mapping. Agreement between the largely subjective 
approach of field mapping and the quantitative and hence 
more reproduceable approach of cluster analysis enables 
geological interpretations to be made with greater 
confidence. Until some of the problems associated with 
cluster analysis are overcome, it would be dangerous to 
apply cluster analysis without associated field mapping.
2. Modern high precision analytical techniques such as 
X-ray spectrography enable small but significant 
differences to be detected between granite types. These 
differences may not be identifiable in the field or under 
the microscope, and if, therefore, this detailed
Al 6
information is to be used, it becomes necessary to 
augment field mapping with some numerical approach such 
as the use of cluster and discriminatory analysis. In 
such cases mapping can be completed by using 
discriminatory analysis to assign systematically collected 
samples to the different rock types and to define 
boundaries.
3. Because these subtle differences in the chemical 
composition of granite types may not be discernible in 
the field, it is important that studies concerned with 
the variability of granites should be based on 
systematic sampling (Whitten, 1961; Baird et al., 1967)»
and that apparent homogeneity in the field should not 
induce reliance on a small number of "typical" samples 
as in the initial sampling at Hartley.
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APPENDIX B
COMPUTER PROGRAMME FOR CLUSTER ANALYSIS
GENERAL DESCRIPTION
(i) This programme is designed to carry out the
calculations discussed in appendix A. It computes and 
prints out the following information:-
a) Data for all samples, normalised so that the 
variables range between zero and unity. If 
component scores are used the data normalisation 
stage is omitted and raw scores used in 
subsequent calculations.
b) A triangular similarity matrix of distance 
coefficients for all the N(N - l)/2 possible 
pairs of samples.
c) A list of the paired samples with their 
similarity coefficients, in decreasing order of 
similarity. Each sample pair is also preceded 
by the row and column numbers of the pair in the 
matrix.
(ii) At present the programme is designed to cluster
up to 50 samples using as many as 40 variables. With 
these dimensions the amount of core used on the IBM 
360/50 computer is 71K bytes, and a full analysis takes 
less than one minute. The number of samples can be 
increased to over 100 without any difficulty.
B2
(iii)
single
More than one problem can be processed 
run.
in a
(iv) The programme allows Tor a variable input format,
which may differ with each problem.
CARD INPUT
(i) Problem Card
Columns 1-5 NRUN
(ii) Title Card
Columns 1-72 PROB
(iii) Control Card
Columns 1—5 N
Columns 6-10 NM
Columns 11-15 ND
Number of problems 
required to be analysed 
(integer).
The name of the problem: 
to be printed out at the 
beginning of each 
problem and before the 
list of clustered 
samples (l8A4).
Number of samples to be 
analysed (integer).
Number of variables 
(integer).
Data normalisation 
option (integer). If 
positive, the data is 
normalised and printed 
out. If zero or 
negative the data is not 
normalised or printed 
out. This option is
B3
(iv)
(v)
used when clustering on 
the basis of component 
scores.
Variable Card
Columns 1-80 ELEM List of symbols of each
variable, each symbol 
being an alphanumeric 
name restricted to 4 
columns. Thus 20 
symbols of variables can 
be listed per card.
More than one card may 
be used.
Variable Format Card
Columns 1-72 FMT Variable format enclosed
in parentheses. The 
first field is usually a 
blank followed by an 
alphanumeric name to 
identify the sample 
number. The format of 
the remaining fields are 
determined by the nature 
of the data. For 
example:
(54, A4, lx, 14F5.2)
CARD DECK STRUCTURE
1. System cards (as required for computer operation).
2. Programme.
3. System cards (as required for computer operation).
b4
4. Problem card.
5. Title card for first problem.
6. Control card for first problem.
7. Variable card(s).
8. Variable format card.
9- Data for first problem.
10. Title card for second problem.
11. Control card for second problem.
’ As above.
t
t
12. System card (as required for computer operation). 
The programme listing is given below.
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APPENDIX C
COMPUTER PROGRAMMES FOR X-RAY SPECTROGRAPHIC
DETERMINATION OF TRACE ELEMENTS :
I. INTER-ELEMENT INTERFERENCES
INTRODUCTION
In determining trace elements by X-ray spectrography 
it is frequently necessary to apply empirically determined 
correction coefficients to measured intensities in order 
to correct for interference from adjacent spectral lines 
and for non-linearity in the background profile (Norrish 
and Chappell, 1966 p.187)»
This problem becomes particularly acute when 
determining the transition elements and the lighter 
rare earths (a group of elements that can be conveniently 
measured together) since there are a large number of 
elements, each of which can potentially interfere with 
each other and with the appropriate background 
measurement. Of these elements sixteen are sufficiently 
abundant in common rocks and rock-forming minerals to be 
determined by X-ray spectrographic techniques. They are:- 
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ba, La, Ce, Pr, Nd,
Sm, Gd.
Since each of these sixteen elements may interfere 
with both the peak and background intensities of every 
other element in a particular sample, it is clearly 
desirable to employ a computer to make the corrections.
C2
GENERAL DESCRIPTION
1. This programme prints and computes the following 
information: -
a) A 16 x 16 matrix of spectral interference 
co efficients.
b) A 16 x 16 matrix of background correction 
co efficient s.
c) A list of the non-linear background correction 
coefficients.
d) The analytical data for each sample. This 
includes the measured peak and background 
intensities as well as the corrected peak 
intensities. All are expressed in counts per 
second.
2. There are five stages involved in the calculation, 
these are:-
a) Application of spectral interference 
coefficients to raw data to compensate for 
interferences to peak intensities. There are 
256 possible coefficients, 16 for each element. 
All are expressed in terms of percentages of 
the interfering spectra and may be negative or 
positive depending on whether the interference 
increases or decreases the spectral intensity.
b) Application of background interference 
coefficients to raw data to compensate for 
interferences to background intensities. Again, 
there are 256 possible coefficients, each 
expressed as a percentage of the interfering s
spectra. They are all positive since this type 
of interference is entirely additive.
c) Modification of the background intensities 
obtained from (b) by multiplying by the 
appropriate non-linear background correction 
coefficient.
d) Subtraction of modified background intensities 
from the corrected peak intensities to obtain 
the corrected peak intensities. These 
coefficients may be positive or negative.
e) The whole process can be recycled any number of 
times (three is usually sufficient), the 
successively modified data being used to 
calculate the correction factors which are 
applied to the original data.
CARD INPUT
1. INPUT OF CONSTANTS Once established these 
constants are included with the programme and are used 
for processing successive sets of data.
a) Recycle Card
Columns 1-5 NCYC Number of iterations
required for calculation 
( int eger).
b) Element Card
Columns 1-80 ELEM List of symbols for 16
elements, each symbol being 
restricted to the last 3 of 
every 5 columns. Format 
(16 (2X.A3))
Spectral Interference Coefficients
Columns 1-80 SFACT 32 cards (2 cards per
element), each pair of 
cards containing 16 
spectral interference 
coefficients, corresponding 
to the effect of one 
element on all the other 
elements.
Format (8 (4X, F6.2))
Background Correction Coefficients
Columns 1-80 BFACT 32 cards (2 cards per
element), each pair of 
cards containing 16 
background correction 
coefficients, corresponding 
to the effect of one 
element on the background 
measurements of every 
other element.
Format (8(4X,F6.2))
Non-linear Background Correction Coefficient
Columns 1-80 BMOD 2 cards containing 16 non­
linear background 
modification coefficients. 
Format (8(3X,F6.3, IX ) )
INPUT OF DATA
Problem Card
Columns 1-3 NRUN Number of separate groups
of samples to be run 
(integer).
Title Card
Columns 1-72 PROB The name of the problem to 
be printed on each page of 
output. Format (18A4)
Control Card
Columns 1-5 N Total number of samples 
per group (integer).
Columns 6-10 IND If positive all stages in 
the calculation will be 
printed. For normal 
operation IND should be 
zero, (integer).
Sample Cards There are five cards per 
sample: a title card, and
four cards containing 
measured peak and 
background intensities.
S amp 1 e Nuinb er
Columns 1-72 SAMP Data cards for each sample 
are preceded by a title
card giving the sample 
number, name or any other 
relevant information. 
Format (18A4)
Data Cards
Columns 1-80 X, BX There are four cards per 
sample, the first two 
containing 16 measured 
peak intensities, and the 
second pair the measured
background intensities. 
Format for all 4 cards: 
(8(3X,F7.1))
C 6
CARD DECK STRUCTURE
1. Programme
2. Recycle card
3. 32 Spectral Interference Coefficient cards
4. 2 Non-linear Background Correction Coefficient 
cards
3. Problem card
6. Title card for first group of samples
7. Control card for first group of samples
8. Sample cards
9. Title card for second group of samples
10. Control card for second group of samples 
etc.
An example of the output of the programme is given 
below followed by the programme listing.
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COMPUTER PROGRAMMES FOR X-RAY SPECTROGRAPHIC 
DETERMINATION OF TRACE ELEMENTS :
II. CALCULATION OF MASS-ABSORPTION COEFFICIENTS
INTRODUCTION
Quantitative analysis of rocks and minerals by 
X-ray spectrography must make allowances for variations 
in the mass-absorption coefficients of samples and 
standards. For trace element analysis, the most 
satisfactory way of doing this is to measure the mass- 
absorption coefficient directly (Sweatman et al. 1963; 
Norrish and Chappell, 1967)» The method, which is 
discussed in detail by Norrish and Chappell (1967* 
p.194), consists of measuring the attenuation of high 
intensity X-radiation of the required wavelength by a 
parallel-sided disc of the sample of known weight per 
sq. cm. The mass—absorption coefficient is obtained 
from the relationship:-
1 * I 2oMass-absorption coefficient = — £n-=—p x I
2where p X is the weight per cm of the sample and Iq and 
I are the primary and attenuated radiation respectively.
In order to determine a wide range of mass- 
absorption coefficients two methods of sample 
preparation are used. For short wavelength elements 
(i.e. when XIQ <l.l£) the powdered sample is pressed 
into a hole of known diameter in a previously weighed
C20
perspex slide and the weight of sample determined by 
difference. For the long wavelength elements, a known 
weight of powdered sample is ground with a known weight 
of cellulose diluent and pressed into a small disc. In 
this second case, because of low intensity it is usually 
necessary to apply a background correction to I and I 
before calculating the mass-absorption coefficient. The 
mass-absorption coefficients of the cellulose diluent 
must also be determined.
GENERAL DESCRIPTION
1. This programme computes and prints out the 
following information:-
a) Up to two mass-absorption coefficients, and up 
to 10 replicate determinations of each mass- 
absorption coefficient can be measured per 
sample.
b) Statistical parameters of these replicate 
determinations, including the mean, the 
standard error of the mean, and the coefficient 
of variation of the mean.
c) The ratio of the two mass-absorption 
coefficients.
2. More than one group of samples can be processed in 
a single run, providing the data has been obtained using 
the same analytical conditions.
3. The amount of core storage used is 24K bytes and 
the time taken is about 100 samples per minute using the 
IBM 360/50 computer. Any number of samples can be 
processed.
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CARD INPUT
1. INPUT OF CONSTANTS Two cards are used to record 
the analytical conditions under which the two mass- 
absorption coefficients are measured.
a) Constant Card
Columns 7-10 ELEM1 Symbol Tor mass-absorption
coefficient being 
determined (alphanumeric).
Columns 12-17 ADI First mass-absorption
coefficient for cellulose, 
if applicable; otherwise 
left blank. The decimal 
point is located in 
column 1 5 .
Columns 22-26 TPR1 Time in seconds used for
measuring Iq for the 
first mass—absorption 
coeff icient.
Columns 32-36 TPR1B Xf applicable, time in
seconds used for
measuring background
counts for I for the o
first mass-absorption 
coefficient.
Time in seconds used for 
measuring I for the first 
mass-absorption 
coefficient.
Columns 42-46 TAR1
C22
Columns 52-56 TAR1B If applicable, time in
seconds used for 
measuring background 
counts for I for the first 
mass-absorption 
coefficient.
Decimal points located in 
columns 25» 35» 5^» 55»
etc .
b) Constant Card Two
The analytical conditions used for determining the 
second mass-absorption coefficient are exactly the same 
as those for the first element mass-absorption 
coefficient.
2. INPUT OF DATA
Analytical data for each sample are preceded by a 
card containing the sample number or name together with 
the number of replicate determinations made on each 
sample. The results of measurements for both mass- 
absorption coefficients are recorded on a single card, 
the number of cards being determined by the number of 
replicate determinations. Any omissions in the data, 
such as the absence of results for one of the mass- 
absorption coefficients for a particular sample, do not 
disrupt the programme.
a) Problem Card
Columns 1-5 NR UN Number of groups of samples.
b) Title Card
Columns 1-60 PROB The name of the problem to
be printed on each page 
(alphanumeric).
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c) Sample Number 
Columns 1-60
Columns 69-70
d) Data Card(s)
Columns 12-13
Columns 14-19
Columns 20-25
Columns 26-30
Card
SAMP Number or name, etc. of
the sample (alphanumeric).
NDET Number of replicate
analyses for each sample. 
This must not exceed 10 
(integer).
Columns 1-11 are not read 
and may be used for 
recording the sample 
number.
IND Number of cards in
sequence of replicate 
results for a particular 
sample (integer).
WD Weight of cellulose
diluent, if applicable.
The decimal point is located 
in column 1 5 •
WS Weight of sample mixed
with cellulose, if 
applicable. The decimal 
point is located in column 
21.
WP Weight of powder pressed
into perspex slide or of 
pressed pill, whichever is 
applicable. The decimal 
point is located in column 
26 .
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Columns 32-38 PR1 Total number of counts
accumulated for I for theo
first mass-absorption 
coeff icient.
Columns 40-43 RR1B Total number of counts
accumulated for the 
background of I for the 
first mass-absorption 
coefficient.
Columns 44-49 AR1
Columns 50-53 AR1B
Columns 55-61 PR2
Total number of counts 
accumulated for I for the 
first mass-absorption 
coefficient.
Total number of counts 
accumulated for background 
of I for the first mass- 
absorption coefficient.
Total number of counts
accumulated for I for theo
second mass-absorption 
coefficient.
Columns 63-66 PR2B Total number of counts
accumulated for the 
background of Iq for the 
second mass-absorption 
coefficient.
AR2 Total number of counts
accumulated for I for the 
second mass-absorption 
coefficient.
Columns 67-72
C25
Columns 73-76 AR2B Total number of counts
accumulated for the 
background of I for the 
second mass—absorption 
coefficient.
CARD DECK STRUCTURE
1. Programme
2. Constant card for first mass-absorption coefficient
3. Constant card for second mass-absorption 
coefficient
4. Problem card
5. Title card for first problem
6. Sample number card for first sample
7. Data cards for first sample
8. Sample number cards for second sample
9. Data cards for second sample 
etc.
10. Title caz'd for second problem
11. Sample number card for first sample
12. Data cards for first sample 
etc.
An example of the output of the programme is given below 
followed by the programme listing.
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